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AMENDMENT ACCOMPANYING APPLICATION 

Honorable Director of Patents 
and Trademarks 
Washington, D.C. 20231 

Dear Sir: 

The present application is the national filing of International Application No. 
PCT/GB00/02491. Before calculation of the national filing fee for the United States, it is 
requested that the application be amended as follows: 



In the claims: 



Amend claims 4 - 6 as follows: 

4. (amended). A probe as claimed in claim 1 , wherein the outer diameter of 
the outer core is approximately 250 |im. 



5. (amended). A probe as claimed in claim 1, wherein the interferometer 
film is butted against the second end of the fibre. 
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6. 



(amended) . Medical examination equipment for characterising biological 
tissue comprising a probe as claimed in claim 1 and means for displaying 
the detected modulated reflected signal. 



REMARKS 



The above amendments are being made in order to eliminate multiple dependency and improper 
multiple dependency from the international application before calculation of the national filing 
fee for the United States. Should any multiple dependency remain, that is unintended, and the 
Patent and Trademark Office is requested to cancel any remaining multiple dependent claims 
without prejudice before calculation of the national filing fee for the United States. 

The International Preliminary Examination Report reaches the conclusion that claims 1-6 meet 
the requirements of novelty and inventive step (nonobviousness). It is submitted that the same 
result should occur in the United States. 

Examination of the Application on its merits is awaited. 

Dated: December 28, 2001 Respectfully submitted, 




Lee, Mann, Smith, Mc Williams, 



Sweeney & Ohlson 
P. O. 2786 

Chicago, IL 60690-2786 
(312)368-1300 
(312)368-0034 (Fax) 



Version With Markings To Show Changes Made 

4. (amended). A probe as claimed in [any preceding] claim 1, wherein the outer diameter 
of the outer core is approximately 250 Jim. 

5. (amended). A probe as claimed in [any preceding] claim 1, wherein the interferometer 
film is butted against the second end of the fibre. 

6. (amended). Medical examination equipment for characterising biological tissue 
comprising a probe as claimed in [any preceding] claim 1 and means for displaying the 
detected modulated reflected signal. 



10(6 191V I 

PCT/GB00/02491 

1 

OPTICAL FIBRE PROBE FOR PHOTOACOUSTIC MATERIAL ANALYSIS 

This invention relates to optical fibre probes for the excitation of a sample to produce signals 
for analysis. These signals may comprise photoacoustic and/or photothermal waves. 

Such probes have been proposed for characterising arterial tissue prior to treatment of 
narrowed blood vessels, for example caused by atheroma. Pulsed laser signals have been 
proposed as the excitation signal, which result in the generation of an acoustic signal through 
thermal expansion effects within the sample. Excitation signals of different wavelengths have 
been proposed in order to generate a photoacoustic signature which conveys different types 
of information concerning the sample. 

For example, it has been found that the photoacoustic signals generated by laser excitation 
of wavelength around 450nm (e.g. 436 and 461nm) may be analysed to detect the presence 
of atheroma, based on the different attenuations of the excitation signal in the atheroma and 
in normal tissue. Alternatively, an excitation signal of longer wavelength, for example 
530nm, may be employed to enable thickness measurement of the sample. At this 
wavelength, the excitation signal penetrates through the sample, and timing analysis of the 
signals generated at the boundaries of tissue layers enables a thickness calculation to be 
performed. 

Analysis of arterial tissue using pulsed laser excitation to generate acoustic and thermal 
signals is discussed in detail in the article "Characterization of post mortem arterial tissue 
using time-resolved photoacoustic spectroscopy at 436, 461 and 532 nm" in Phys. Med. 
Biol. 42 (1997) pages 177-198. 

A design of optical fibre probe suitable for sample analysis as described above is disclosed 
in the article "Optical fiber photoacoustic-photothermal probe" published in Optics Letters 
Vol. 23, No. 15 of 1 August 1998. The probe comprises a multimode optical fibre with a 
transparent Fabry-Perot polymer film sensor mounted at its distal end, which is placed in 
contact with the sample for analysis. Optical pulses are launched into the fibre and absorbed 
in the target resulting in the generation of ultrasonic thermoelastic waves for detection by the 
sensor. 
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A problem with the probe design described above is that the wavelength of the generated 
acoustic signal may be small compared to the diameter of the sensing region which is defined 
by the core diameter of the multimode fibre. As a result, the interferometer may not detect 
signals with oblique entry angles, for example edge wave signals that arise due to diffraction 
effects. 



According to the invention, there is provided a probe for the excitation of a sample to 
produce an acoustic signal and for analysis of the signal, comprising: 
an excitation source which provides a pulsed laser output; 

an optical fibre having a central inner core, a concentric outer core and an outer 
cladding, the pulsed laser output being supplied to the outer core at a first end of the optical 
fibre, the second end of the optical fibre being provided with an interferometer film which 
is substantially transparent to the laser pulses, a signal produced in the sample modulating 
the thickness of the film; and 

a light source and detector assembly which provides an interferometer signal to the 
inner core at the first end of the fibre and detects the modulated reflected signal received 
from the inner core. 



The probe of the invention has a small inner core which acts as the sensing part of the probe, 
but has a larger concentric outer core for carrying the laser excitation pulses. The probe is 
therefore able to carry the required energy signal for excitation of the sample, but also 
provides a small sensing area defined by the central inner core. This increases the frequency 
range of signals which can be detected at non-normal angles of incidence. Accordingly the 
sensitivity of the device is increased to changes in the temporal characteristics of the signal. 
The signal may comprise an acoustic wave or thermal wave. 



Preferably, the inner core is a single mode fibre, which may have a diameter of less than 
lOfjLm and preferably around 6}im. This may result in an analysis probe having an active 
area of less than 10^m. This enables the analysis function of the probe to be responsive to 
plane wave components and edge wave components of the generated acoustic signal. 



One possible use of the probe is in medical examination equipment for characterising 
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biological tissue, for example arterial tissue. 
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The invention will now be described by way of example, with reference to and as shown in 
the accompanying drawing which shows a probe of the invention in use for analysing a 
sample. 

The figure shows a sample 10 for analysis using the probe 12 of the invention. The probe 
12 comprises an optical fibre 14 having a cleaved and polished end face 16 against which a 
polymer interferometer film 18 is provided. The polymer film 18 is transparent so that laser 
excitation pulses, represented schematically as arrows 20 in the figure, may be introduced 
into the sample 10 through the film 18. These pulses 20 may comprise nanosecond, 
submillijoule optical pulses which are absorbed in the biological sample 10, thereby 
producing thermal waves with a typical duration of the order of a few hundred milliseconds. 
Rapid thermal expansion occurs within the sample 10 generating ultrasonic thermoelastic 
waves with a typical duration of several hundred nanoseconds. The thermoelastic waves 
comprise an acoustic signal 22 which modulates the thickness of the film 18. Of course, 
other excitation signals may be used, depending upon the nature of the sample under 
analysis. 

The interferometer defined by the film 18 is illuminated by light launched into the fibre from 
a continuous wave low-power laser source. The acoustic wave 22 modulates the thickness 
of the film 18 and hence the optical phase difference between the reflections from the two 
sides of the film. Similarly, the thermal waves modulate the optical thickness of the film 
which is also detectable as a result of the optical phase differences. In each case, a 
corresponding intensity modulation in the light reflected from the sensing film is produced, 
which is then detected. The reflections take place at the two faces of the film 18, as a result 
of the refractive index mismatch at the two sides of the film. Wavelength-selective dielectric 
reflective coatings may be applied to the faces of the film 18, which are transparent to the 
excitation pulses but reflective to the wavelength of the continuous wave signal. Shown 
schematically in the figure is an incident light signal 24 and the two reflected signals 26, 28. 
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The laser excitation pulses 20 are produced by a frequency-doubled Q-switched Nd:YAG 
laser operating at 532nm or by a tuneable dye laser. The laser forms part of an excitation 
source and light source/detector assembly 30, which also provides the continuous wave 
output for interrogation of the interferometer. This continuous wave output may be derived 
5 from a tuneable continuous wave source such as a laser diode. 

The excitation pulses 20 may have a wavelength which is selected in dependence upon the 
desired characteristic of the sample 10 to be analysed and upon the nature of the sample. 
M : For example, the pulses may have a wavelength which is such that they penetrate the entire 
g|0 thickness of the sample 10. In this case thermoelastic waves will be generated at the two 
% surfaces of the sample 10, and the detector assembly may then enable the thickness of the 

£>. 

% m sample to be calculated. Alternatively, an excitation wavelength could be chosen to generate 

!U different thermoelastic signals depending upon the attenuation characteristics of the sample 

f% 10, which may enable an operator to distinguish between normal and abnormal biological 

*J5 tissue, for example normal and abnormal arterial tissue. 

5 

sw 
5 : 

✓ ■> 

PI' 

The detector assembly of the unit 30 may comprise a silicon pin photodiode, the output of 
which is preferably displayed on an oscilloscope. 

20 To the extent described above, the construction of the probe is known. In accordance with 
the invention, the optical fibre 14 comprises a central inner core 40, a concentric outer core 
42 and an outer cladding 44. Such double-core concentric fibres are known for use in other 
applications, such as optical fibre lasers and laser amplifiers. The method of constructing 
such a fibre will not therefore be described. The pulsed laser output 20 is supplied to the 

25 outer core 42 by the unit 30, whereas the interrogation signal 24 is provided by the unit 30 
to the inner core 40. The modulated reflected signal provided by the interferometer film 18 
is transmitted down the inner core 40 to the detector part of the unit 30. 

The spot size of the interrogating continuous wave source is focused to match the core 
30 diameter of the inner fibre, and the spot size of the excitation pulses matches the outer fibre 
diameter. Some energy from the excitation pulses will travel down the central core, but the 
selection of different wavelengths for the excitation signal and the interrogation signal will 
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enable the detector 30 to distinguish between those signals using spectral analysis. 

Conventional apparatus may be employed to launch the excitation and interrogation signals 
into the fibre, for example using half-silvered mirrors to combine the signals from the two 
sources. 

The inner core 40 preferably defines a single mode fibre, with the outer core 42 acting as 
cladding of the inner core. For this purpose, the inner core 40 has a higher refractive index 
than the outer core 42. The outer core 42 is capable of carrying higher energy signals, and 
the surrounding cladding 44 has a lower refractive index than the outer core 42. 

The inner core 40 preferably has a diameter of 5-10/tm, whereas the outer core has a 
diameter of approximately 250/tm. 

The use of a physically small, and preferably single mode, inner core as the transport 
medium for the interferometer signals enables the sensing device to have a small active area. 
This enables the device to detect input signals of a wide range of wavelengths at non-normal 
angles of incidence. Input signals entering the sensor at an angle to the longitudinal axis of 
the sensor will be integrated over the active area of the sensor, and as a result a smaller 
active area improves the directional characteristics of the sensor. The excitation signal 
causes the sample to produce plane wave and edge wave components. The edge wave 
component is a rarefaction wave generated at the outside edge of the envelope of the 
excitation signal. The edge wave and plane wave components carry different information 
concerning the sample being analysed. The probe of the invention enables the edge wave 
components, which enter the probe at an oblique angle, to be detected due to the small active 
area which reduces band limiting of the probe response. The edge wave components will 
always enter the probe at an oblique angle, irrespective of the direction faced by the probe, 
as they result from the edge of the excitation signal produced by the probe. Furthermore, 
the physical spacing between the outside of the outer core and the inner core enables the 
probe to separate the plane wave and edge wave signals from the combined signal received 
by the probe. This separation may be achieved by temporal analysis. 
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The acoustic signals 22 produced in the sample 10 may typically have frequencies up to 30 
MHz, and for acoustic signals travelling in fresh water this corresponds to a wavelength of 
47 urn. Preferably, therefore, the active area of the sensor is less than 20/tm, so that the 
sensor can be responsive to 30 MHz acoustic signals. The detection bandwidth then exceeds 
the range of frequencies of the input signal, the sensor having omnidirectional response. 

A single mode fibre is not able to carry the required Q-switched laser pulses for the 
excitation of the sample, and these are provided in the outer core 42. The larger area of the 
outer core 42 enables an excitation wave to be introduced into the sample 10 over a much 
greater area than the sensor area defined by the central inner core 40. 

The small active area of the interferometer also facilitates the production of a polymer film 
18 having extremely parallel and uniform opposite faces over the area of interest of the 
sensor. The sensing film may comprise a disc of PET (polyethylene terepthalate) . Such 
discs may be cut from a larger film, and the smaller the required area the more uniform will 
be the film thickness. 

The design of the excitation source and light source/detector assembly 30 will be apparent 
to those skilled in the art, and specific examples have been given above. Thus, the light 
source may comprise a tuneable laser diode which may produce light of around 850nm, and 
it may be tuned to obtain quadrature operation of the interferometer. The detector assembly 
may comprise a photodiode, as discussed above, and may have an integral transimpedance 
amplifier. 

There are various possible applications in which the probe of the invention may be used, in 
addition to the analysis of biological tissue. Such applications may include medical as well 
as non-medical sample analysis. 
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Claims 

1 . A probe for the excitation of a sample to produce an acoustic signal and for analysis 
5 of the signal, comprising: 

an excitation source which provides a pulsed laser output; 

an optical fibre having a central inner core, a concentric outer core and an outer 
cladding, the pulsed laser output being supplied to the outer core at a first end of the optical 
M fibre, the second end of the optical fibre being provided with a interferometer film which is 

-„f .-» 

If) substantially transparent to the laser pulses, a signal produced in the sample modulating the 

thickness of the film; and 
*4i a light source and detector assembly which provides an interferometer signal to the 

y : inner core at the first end of the fibre and detects the modulated reflected signal received 
3L from the inner core. 

m 

p| 2. A probe as claimed in claim 1, wherein the inner core defines a single mode fibre. 

3. A probe as claimed in claim 2, wherein the diameter of the inner core is less than 
10p.m. 

20 

4. A probe as claimed in any preceding claim, wherein the outer diameter of the outer 
core is approximately 250/im. 

5. A probe as claimed in any preceding claim, wherein the interferometer film is butted 
25 against the second end of the fibre. 

6. Medical examination equipment for characterising biological tissue comprising a probe 
as claimed in any preceding claim and means for displaying the detected modulated reflected 
signal . 
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BACKGROUND OF THE INVENTION 



Field of the Invention 

The present invention relates generally to the fields of 
optics, lasers and medical diagnostic devices. More specifically, 
1 5 the present invention relates to a laser opto-acoustic imaging 
system capable of producing a three-dimensional image 
(tomography scan) of human organs. 

* 

Description of the Related Art 
2 0 Ultrasonic imaging is currently used widely in clinical 

medical practice to detect abnormalities in soft tissue organs with 
acoustic boundaries such as one type of tissue embedded within 
another type. Ultrasonic imaging has, however, several limitations. 
For example, ultrasonic imaging is incapable of detecting 

2 5 acoustically homogeneous tissues, i.e., when ultrasonic properties 

of all of the tissues scanned are similar). 

Optical imaging technologies are ' based on time- 
resolved or phase-resolved detection of diffusely reflected light 
pulses or photon density waves. Optical tomographic technologies 

3 0 take advantage of differences in tissue optical < properties for 

* 

diagnostic purposes. However, ubiquitous light scattering in 
tissues has been a great obstacle to laser imaging. 

Optoacoustic spectroscopy methods utilize light to 
excite an object of interest (molecules or atoms). Using acoustic 
3 5 (piezoelectric) detectors, optoacoustic spectroscopy methodology 
can measure stress amplitude for obtaining absorption spectra. 
This represents not an imaging or tomographic technology per se. 
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Principles of laser optoacoustics, i.e., methods of stress 
generation and detection have been described. Relationships 
between spatial distribution of acoustic sources and temporal 
profile Of laser-induced stress waves have been derived. Hojvever, 
methods of faser optoacoustics have not been proposed as means 
for medical' diagnostics. ' 



* 



The prior art is : 'deficient in the lack of functional laser 
opto-acou'stie * imagirig system. The present invention ' fulfills this 



longstanding need and desire in the art. 



" SUMMARY OF THE INVENTION 

Photo-acoustic ultrasound technology for medical 
15 imaging has been described in the prior art. However, the prior art 
has hot understood arid correctly manipulated three principles of 
laser optoacoustic imaging important for sensitivity, spatial 
resolution and correct interpretation of images. These principles 
are: ' (1) short-pulse laser irradiation to generate transient stress 
2 0 waves under conditions of temporal stress confinement. Such 
irradiations provides the highest possible amplitude of generated 
stress with profiles resembling that of light distribution in tissues, 
which yields sharp images with accurate localization; (2) time- 
' resolved detection of a stress profile for obtaining diagnostic 

2 5 information not frtim the fact of any signal detection, but from the 

temporal profile" of generated stress wave; (3) use of wide-band 
piezoelectric detectors to correctly reproduce stress profiles 
(acoustic waves with wide spectrum of ultrasonic frequencies) to 
obtain high spatial resolution of tomography. The laser opto- 

3 0' acoustic 1 imaging system (LOAIS) of the present invention partially 

■. . . » * * «* • " * * * ; 

combines elements of (1) ultrasonic scanning, (2) optical time- 

resolved tomography and (3) selective pulsed excitation of tissue 

heterogeneous structures and time-resolved detection of laser- 

induced stress waves for obtaining detailed medical diagnostic 

3 5 information. 

« «■ < » 

The present invention is directed to both a technique 
and a device and can be used to image a complex tissue structure 
on the basis of optical contrast. The technique of the present 
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invention uses a pulsed laser to slightly but quickly heat a specific 
tissue region with an optical obsorption that differs relative to its 
surroundings. This slight heating converts to, a, pressure wave, i.e, 
a sound wave which propagates outward from, the source of the 
heating. A transducer detects the time, magnitude and . srfape of 
the arriving pressure waves. The .t£a#sducer . may be a 
piezoelectric transducer at , the tissue s.urfac-e or an imbedded 
transducer. Th,e Ja§er pulse mus| ,be ^ufficieptly ; short to allow the 
pressure to build up before , $^V p fV s VW- ca ^ dissipate at the 
10 speed of sound (approximately 1500 m/s). For example, a iO-ns 
laser pulse can image absorbing objects with the spatial resolution 
of (1500 m/s) (10 ns) u == ,15 u,m. Thus, the invention allows 
imaging of tissue structures with high spatial resolution within 
turbid media such as biological tissues. The imaging techniqles of 
1 5 the present invention are based on optical contrast rather than 
density changes such as in ultrasound, magnetic resonance 
imaging or x-ray , computed tomography. The method of the 
present., invention, therefore, can be used, to image, contrast objects 
not well imaged by these other state of the. art imaging 
2 0 techniques. 

present invention, there is 
. provided a method of diagnosing a. diseased tissue within a normal 
tissue using laser . optoacoustic tomography, comprising, the steps 
of: irradiating the surface of the . normal tissue with at least one 

2 5 laser pulse so as to penetrate to a sufficient jlepth and selectively 

heat a small volume or layer of diseased tissue with a higher 
optical absorption; causing the diseased tissue ' t.p,. produce a stress 
wave with a profile resembling 1 that of diseased tissue, said stress 
wave propagates with minimal alterations to the surface, of normal 

3 0 tissue; detecting said . stress wave with at least one acoustic 

transducer; recording the amplitude and temporal profile of laser- 
induced stress wave by digital oscilloscope; analyzing the 
amplitude and temporal profile of laser-induced stress wave with 
a computer. 

35 In another embodiment of the present invention, there 

. is provided a novel, device as a tomography system for biomedical 
diagnostics comprising: a pulsed laser; a. light delivery system; at 
least one acoustic .detector; an electronic system for signal 



WO 97/27801 PCTA/S97/01815 

r •* 

recording and processing; and a computer with software for image 
reconstruction and analysis. 

Other and further aspects,; features, and advantages of 
the present invention will be , apparent from the following 
v 5 description : v of . the presently preferred, embodiments of the 
invention -given for the purpose of disclosure. _ 

4 

- * ' • *• ' ' c * . < t . . - * ■ 

: - BRIEF DESCRIPTION. OF THE DRAWINGS 

TO So that the -matter in which the above-recited features, 

: advantages and objects of the invention, as -well as others which 
will become, clear, are attained and can be, understood, in detail, 
more . particular descriptions of the invention briefly summarized 
above may be had by reference to certain embodiments thereof 

1 5 which are illustrated in the appended drawings. These drawings 

form a part of the specification. It is to be noted, however, that 
the appended drawings illustrate preferred embodiments of the 
invention and therefore are not to be considered limiting in their 
scope. - 

2 0 Figure 1 shows a schematic of the laser optoacoustic 
tomography system in transmission mode. . 

. Figure 2 shows that an acoustic transducer signal can 
be detected in vitro from small volume of liver placed inside large 
volume of chicken breast muscle tissue, 

2 5 Figure 3 shows that an acoustic -transducer signal can 
be detected^ from a phantom pathologic tissue (2.5 mm colored gel 

* sphere) embedded within large volume of optically turbid gel 
cylinder simulating woman's ■ breast. . Signal recorded from gel 
cylinder in case when laser pulse misses and therefore does not 

3 0 heat- small color sphere is also presented for comparison. 

• Figtfre 4, shows a schematic, of laser optoacoustic 

tomography in reflection mode. 

Figure 5 shows an acoustic transducer signal detected 
in vivo from chicken cockscomb best, known model for port-wine 
3 5 stains. 1 ' 

Figure 6 shows an acoustic transducer signal detected 
in vivo from small tumor located underneath the skin of mouse's 
lower back. 
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DETAILED DESCRIPTION OF THE INVENTION 

* 1 ■ - 

Definitions ' . ; . . 

As" used herein, the term' "laser optoacoustic 
5 tomography" refers to -a laser optoaccoustic tomography 'system 
that employs detection of stress waves reflected from the. volume 
of their generation back to the . irradiated tissue surface. In other 
words, laser optoaccoustic tomography is a diagnostic procedure to 
obtain* ' optical * imaged 'of %yere*D .tissue 1 Vhile detecting laser 
0 induced stress profiles. 

As used herein, the. : term !' tomography in reflection 
transmission mode'" refers 'to < the laseF, optoaccoustic - tomography 
' • system* "of the present Invention . that employs the detection of 
stress Waves transmitted from the volume of their generation to 
5 rear tissue surfaces, i.e.-, opposite to irradiated. 

As used herein, the term "transient , stress waves" 
refers to a stress wave that has limited duration . and occupies 
limited volume. 

As used herein, the ..term "temporal stress 
0 confinement" refers to the confinement of laser-induced stress 

■ 

within - heated volume during the course of laser energy 
deposition. - ...... 

As used herein, the term "time-resolved detection of 
stress profile" refers to the detection of transient -stress waves 
5 with temporal resolution sufficient to reconstruct .a pressure wave 
profile with precision. .. <,..-• . 

> 

■As used - herein, . the term "optical ... time-resolved 
tomography" ' refers to a- -tomography basedr on , time-resolved 
detection of .ultrashort laser pulses .transmitted- through biological 
G tissue of diagnostic interest. 

As:- used herein, the .term "piezoelectric .detectors" 
refers to detectors of accoustic, e.g., stress waves utilizing the 
principle of electric charge generation upon a change , of volume 
within crystals 'subjected to- a pressure wave. 
5 As- used herein, the -term "ultrasonic scanning" refers 

, to a diagnostic procedure that employs delivery of ultrasonic 
stress waves to a .tissue surface .followed .by the detection of the 
signals reflected ;from.. boundries within the tissue under diagnosis. 
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As used herein, the term "pulsed heating of tissue" 
refers to the -heating of a tissue volume irradiated with laser 
pulses. - 

. The - present invention utilizes the time-resolved 
,5 detection -of . laser-induced stress, (ultrasonic) wavfes to obtain 
tomography images of human organs or cellular structures for 
diagnostic purposes. Diagnostic^ procedures in* Which the laser 
opto-aQousXic imaging systenr .of :ihe:o present invention are useful 
includes (lhJshort < laser ^pulses delivered vtks the front surface of 

;10 hurnaji .organ .under investigation; - Laser wavelength must be 
selected to achieve desirable light penetration depth and maximum 
contrast, between normal and., abnormal * tissues. - Heterogeneous 
absorption « of photons and heating of tissue causes generation of 
thermo-elastic rstress that is temporarily confined in the irradiated 

15 volume,. Short laser pulses serve three purposes: (1) obtain the 
most effective generation of transient - stress, (2) obtain a stress 
profile which resembles the profile of heterogeneous light 
distribution, (3) to obtain images -with* ultimate accuracy of 
localization of tissue layer or volume* of diagnostic ^interest. 

2 0 . ^ Transient stress waves will propagate toward acoustic 

transducer (detector). A transducer, e.g.; a piezoelectric 
transducer, will convert the stress profile into an electrical signal. 
, The temporal .profile of the electrical signal recorded by a digital 
oscilloscope is converted into a spatial profile of a transient stress 

2 5 distribution. Transient stress , distribution resembles a profile of 

absorbed laser energy distribution, which in turn carries certain 
diagnostic information. Both a laser beam and a piezoelectric 
transducer (detector) are scanned over the area under diagnosis. 
Positioning of a detector at various locations permits reconstruction 

3 0 . of/ a three dimensional opto-acoustic image from transient stress 

profiles and : time-delays between moments of laser pulsed 
irradiation and moments of stress detection (the speed of acoustic 
waves -propagation is known for vast majority of tissues). Stress 
detection can be performed in both, the transmission mode and the 
.3 5 reflection .jnode, which allows substantia] flexibility for in 
vivo diagnostics of various human organs and other biological 
systems; .* - 
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Laser opto-acoustic imaging systems (LOAIS) can be 
used in diagnostic screening of breast cancer (mammography), skin 
tumors and various other lesions (like port-wine "stains etc.) 
whether; accessible externally or via endoscopes, detection of brain 
hematomas (hemorrhages), atherosclerotic lesions* in - blood * vessels, 
r and for general' characterization of / tissue**: Composition and 
sfructpre. In additipn, s laser opto-acoustic imaging can provide 
feedback ninformation^r'during : laser medical treatfti£nts. . 

r Thu^^the .present! invention is 1 directed to ! a method of 
>L0 dia^nosingv ai-4is^ased tissue: within, a * normal tissue using laser 
optpaoottsttic tomography, comprising the steps of:- irradiating the 
^ surface of. the normal tissue/ with, at least one lasfer- pulse so as to 
penetrate; .to a sufficient depth and selectively heat a small volume 
or -layer of diseased tissue with a higher optical absorption; causing 
.1 5 the diseased tissue to. produce a' stress wave with a profile 
resembling that of diseased tissue, said stress wave propagates 
with minimal alterations to the surface :of normal tissue; detecting 
U . said stress wave with at least one acoustic transducer; recording 

the amplitude and temporal profile 'of - laser-induced stress wave 
jj| 2 0 by digital oscilloscope; analyzing the amplitude and temporal 

profile, of laser-induced stress wave with a computer. < 

Preferably; the stress . profiles'* are recorded and 
analyzed by the computer .to reconstruct^ three-dimensional 
image. Generally, . the- .laser pulse heats certain tissue structures 

2 5 with different light absorption* thereby . generating "'stress profiles 
resembling profiles, of ■ absorbed laser "energy -''distribution in 

* ' heterogeneous tissues followed by time-resolvfed detection of 
. ultrasonic stress . waves.. .The shape, and dimensions-of the diseased 

layer is generally determined from-' the temporal 

3 0 profile of laser-induced, stress, . the time of . stress wave arrival to 
the accoustic transducer, and the direction : of the stress detection. 

Preferably,:, the accoustic transducer is ' a piezoelectric 
detector and the acoustic transducer uses temporal resolution. 
Ordinarily, the transducer, determines the . . geometry of the 
3 5 diagnosed tissue volume without scanning , of acoustfc transducer at 
a fixed location - of. the laser beam. However, , multiple separate 
optical fibers or laser beams can be used to irradiate large volume 
of tissue to reduce time of scanning and incident laser fluence. 
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Generally, the amplitude and temporal profile of laser-induced 
stress wave is recorded by a digital Oscilloscope. : 

In the methods of the present invention, stress 

• *• * * ■ 

detection can be in transmission mode and stress detection of 
5 tissue optical heterogeneities occurs at a tissue depth of up to 
about 12 cm." Alternatively, stress detection can be in reflection 
mode. Generally, the irradiating' is in spectral range of therapeutic 
window from, "about 600 rim to about 1400 nm. It is further 
contemplated that one with ordinary skill in this art could use 
0 exogenous molecular probes or dyes to enhance contrast of 
tomographic image. 

i , ■ J- N * * 

Generally, the methods of the present invention may be 
used to diagnose a wide variety of diseased tissue. Preferably, the 
diseased tissue is breast carcinoma, brain hemorrhages, 
5 hematomas, atherosclerotic plaques, polyarhtritis, port-wine stains, 
skin disorders, melanomas or ocular diseases. 

When the diseased tissue is an internal organ, the 
irradiation may be delivered via an endoscope and the acoustic 

transducer may be positioned on the skin surface. Alternatively, 

* / • 

0 the irradiation may be delivered onto the skin surface and the 
transducer is incorporated with an endoscope and positioned inside 
the organs. Further, when the diseased tissue is an internal organ, 
the optical fiber and transducer may be incorporated in endoscope 

and positioned inside the organs. 

' *~ - ■ ' 

5 The present invention also provides li novel device as a 

tomography system for biomedical diagnostics comprising: a pulsed 
laser; a light delivery system; at least one acoustic detector; an 
. electronic system for signal recording and processing; and a 
computer with software for image reconstruction and analysis. 

0 The following examples are given for the purpose of 

illustrating various embodiments of the' invention and are not 
meant to limit the present invention in any fashion. 

With reference to the appended drawings, Figure 1 
illustrates one embodiment of the present invention, i.e., an 

5 example of the utility of laser optoacoustic tomography in 
diagnosing a small diseased tissue volume (black circle) within a 
large volume of normal tissue. The laser pulse irradiates the 
surface of the normal tissue and penetrates to a sufficient depth to 

« 
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selectively heat a small volume of diseased tissue with a higher 
optical absorption. Instantly, the heated volume of diseased tissue 
produces a stress wave with a profile resembling that of diseased 

.. .tissue. The stress wave propagates with minimal alterations to the 

5 surface of normal tissue where it is detected by an acoustic 
transducer, with temporal resolution. The amplitude and temporal 
profile of laser-induced stress wave is "recorded by digital 
oscilloscope and transferred via an interface to a computer for data 
, analysis., Scanning of laser beam (optical fiber) allows the 

0 . irradiation of the entire volume of the bmograjbhfcally scanned 
organ and definite heating of any diseased tissues that exist within 
.normal tissue. Scanning of the, acoustic transducer along the 

, . surface of the organ permits a determination of the exact location 
of any. diseased tissue volumes. The stress profiles are recorded 

5 and analyzed by the computer to reconstruct three dimensional 
images which can be displayed. " ' ' 

Tomography (imaging) in stress transmission mode 
utilizes detection of stress transients transmitted from the laser- 
. excited volume toward the depth through thick layers " of tissue. 

0 The emphasis in. .transmission mode tomography " is made on 
sensitive t detection of tissue optical heterogeneities located at 
substantial depth of tissue (up to 12 cm). " ' : ' ' 

. *..-'* 

Figure 2 depicts an example of a measurement of laser- 
induced transient stress in a small piece of bovine liver tissue 
5 placed between muscle tissues slabs (chicken breast). Duration of 
the transient stress wave and amplitude were equal to 300 ns and 
4 mbar, respectively, in accordance with sample thickness and 

experiment demonstrated the 
ability of laser optoacoustic tomography to detect small volumes of 
0 tissue (3 mm x 2 mm x 0.5 mm) with absorption coefficient, u = 

0.215 cm" 1 , that is slightly, higher than that of surrounding tissue, 
u a = 0.09 cm'^at the depth of more, than 4 centimeters. 

Figure- 3 shows an acoustic transducer signal detected 
from a phantom pathologic tissue. (2.5 mm colored gel sphere) 
5 embedded within large volume of optically turbid ge! cylinder. A 
control signal was used in case the laser irradiation "missed" the 
colored sphere and is also shown.. The gel phantom simulated a 
woman's breast, by having optical properties of a colored gel 
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sphere similar to those found in breast carcinoma. Moreover, the 

optical properties of the surrounding gel were similar to those in a 

* 

woman's breast tissue. The geometry of the experiment is also 
shown. A laser pulse was delivered from one side of thfi gel 

5 cylinder and a transient stress wave was detected from the 
opposite side. The location of colored gel sphere which simulated 
the tumor was not known to the person' who performed the 
diagnostic procedure! 1 Simultaneous' scanning' of laser beam and 
acoustic transducer revealed Both 'the location and dimensions of 

0 the "tumor". 

Figure- 4 shows a schematic diagram of the laser 
optoacoustic tomography of the present invention in the reflection 
mode embodiment of stress detection. A laser pulse irradiates the 
surface of tissue with a wavelength chosen to penetrate the . tissue 

5 superficially (about 1 mm) and to heat selectively all 
microstructures within the tissue with the objective of obtaining 
high contrast and high spatial resolution. Instantly heated volume 
of layered tissue produces a stress wave that has profile indicating 
tissue structure. Stress waves were reflected toward the 

0 irradiated surface and were detected with minimal alterations by 
an acoustic transducer with nanosecond temporal resolution. Laser 
pulses were delivered to the same tissue surface where a stress 
wave was detected. The amplitude and temporal profile of a laser- 
induced stress wave was recorded by a digital oscilloscope and 

5 transferred via an interface to a comput&r for data analysis. 
Scanning by acoustic transducer-reflectometer with the laser beam 
permited the irradiation of the entire area of diagnostic interest. 
Recorded stress profiles were" analyzed by the computer to 
reconstruct a three dimensional image which was displayed and 

0 processed by special software. 

Tomography (imaging) in stress reflection mode utilizes 
detection of stress transients generated in superficial tissue layer 
and reflected back toward tissue surface. The emphasis in 
reflection mode tomography is made on high spatial resolution of 

5 measured image (up to 1.5 \im). 

Figure 5 depicts a z-axial optoacoustic image of 
absorbed laser fluence distribution in cock's comb. The transient 
stress profile induced by a 14-ns pulse at 532 nm in a cock's comb 
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of a rooster was measured in vivo by an acoustic transducer. The 
laser beam was about 1 cm in diameter. Time "0" corresponds to a 
signal detected from the tissue surface. Distinct layers were 
observed in the cock's comb tissue. t Alteration of the detected 

5 stress transient due to diffraction of acoustic waves generated in 
distributed capillary blood vessels (layer 2) yields negative signal. 
When diffraction effects are compensated, or the transient stress 
measured under, diffraction-free conditions such as in .'a layered 
system with* homogeneous absorption within each layer, the stress 

0 profile will have only positive " components. Signals 1-6, were 
induced in blood vessels, located at different depths in the tissue. 

, Numbers 1-5 correspond , to the acoustic transducer signals 
detected in layers with either enhanced density of small blood 
vessels (1 and 2) or in separated large blood vessels (3, 4 and 5). 

5 The layered structure of the cock's comb is clearly depicted (the 
layer with dense small dermal blood vessels that lies just below 
the epidermis, the layer of less vascular loose connective tissue 
the comb core layer with arteries and veins that supply, the more 
superficial vascular layers of the cockscomb), the" depth of their 

0 location is measured correctly if compared with cockscomb 
histology. The lateral position can be found by scanning a focused 
laser beam along the tissue surface. 

Figure 6 shows a display of a typical profile of a stress 
wave induced by nanosecond laser pulses at 532 nm in tissues of a 

5 mouse with a small tumor beneath the skin. Signals detected from 
the volume with cancer and from the tissue with no cancer are 
presented for comparison. The difference between two presented 
signals indicate that breast tumor can be diagnosed with laser 
optoacoustic tomography system of "the present invention in a mice 

0 model in vivo. This is another example of laser optoacoustic 
tomography system of the present invention in the reflection 
embodiment performed in vivo. The object of study was a mouse 
with a cancer modeling female's breast tumor grown inside the 
muscle of the mouse. The' imaging experiment was performed 

5 twice with two different mice with, similar tumor conditions. These 
embodiments presented demonstrated laser optoacoustic imaging 
in tissues by time-resolved detection of laser-induced stress 
transients. 
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Any patents or publications mentioned in this 
specification are indicative of the levels of those skilled in the art 
to which the invention pertains. These patents and publications 
are herein incorporated by reference to the same extent as if each 
individual publication was specifically and individually indicated 
to be incorporated by reference. 

One skilled in the art will readily appreciate that the 
present invention is well adapted to carry out the objects and 
obtain tfie ends and advantages mentioned, as well as those 
inherent therein. The present examples along with the methods, 
procedures, treatments, molecules, and specific compounds 
described herein are presently representative of preferred 
embodiments, are exemplary, and are not intended as limitations 
on the scope of the invention. Changes therein and other uses will 
occur to those skilled in the art which are encompassed within the 
spirit of the invention as defined by the scope of the claims. 
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1. A method of diagnosing a diseased tissue within a 
normal tissue using laser optoacoustic tomography, comprising the 
steps of: 

irradiating the surface of the normal tissue with at 
least one laser puise so as to penetrate to a sufficient depth and 
selectively heat a small volume or layer of diseased tissue with a 
0 higher optical absorption: . 

causing the diseased tissue to produce , a stress wave 
with a profile resembling that of diseased tissue/ said stress wave 
propagates with minimal alterations to the surface of normal 

, ■ ' ■ , - , ' r 

tissue; 

5 detecting said stress wave with at least one acoustic 

transducer; 

recording the amplitude and temporal profile of laser- 
induced stress wave by digital oscilloscope; 

analyzing the amplitude and temporal profile of laser- 
0 induced stress wave with a computer. 



2. The method of claim 1, wherein said stress 
profiles are recorded and analyzed by the computer to reconstruct 
a three-dimensional image. 

5 

3. The method of claim 1, wherein said laser pulse 
heats certain tissue structures with different light absorption 
thereby generating stress profiles resembling profiles of absorbed 
laser energy distribution in heterogeneous tissues followed by 

0 time-resolved detection of ultrasonic stress waves. 



4. The method of claim 1, wherein the shape and 
dimensions of said diseased tissue volume or layer is determined 
from the temporal profile of laser-induced stress, the time of stress 
5 wave arrival to the accoustic transducer, and the direction of the 
stress detection. 
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5. The method of claim 1, wherein the accoustic 
transducer is a piezoelectric detector. 

,6. The method of claim. 1, wherein said stress wave 
5 is detected with an acoustic transducer using temporal resolution. 

,7. The method of claim 1, wherein said transducer 
determines th& ; geometry of the diagnosed .tissue volume without 
scanning of acoustic transducer at fixed location of laser beam. 
0 . 

8. The method of claim 1, wherein said multiple 
separate optical fibers, or laser beams irradiate large volume of 
' tissue to reduce time- of scanning and incident laser fluence. 

5 9. The method of claim., 1,.- wherein said amplitude 

and temporal profile of laser-induced stress wave is recorded by a 
digital oscilloscope. » 

. ; 10. The method of claim 1, wherein said stress 
0 detection is in transmission mode. 

- . - 11. The method . of. claim 1, wherein said stress 
detection of tissue optical heterogeneities occurs at a tissue depth 
of up to about 12 cm. 

5 

12. The method of claim 1, wherein said stress 
detection is in reflection mode. 

13*. The method of claim 1, wherein said irradiating is 
0 in spectral range of from about 600 nm to about 1400 nm. 

14, The method of claim 1, wherein said irradiating is 
at at a wavelength that corresponds to the absorption band of 
molecules, cells or tissues of diagnostic interest. 

5 

15. The method of claim 1, further comprising the use 
of exogenous molecular probes or dyes to enhance contrast of 
tomographic image. 
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16. The method of claim 1, wherein said diseased 
tissue is selected from the group consisting of breast carcinoma, 
brain hemorrhages, hematomas, atherosclerotic plaques, 

5 pfolyarhtritis, pori-wihe stains, skin disorders, rnelanonfas and 
ocular diseases. >r* < 

17. The method of claim' 1, wherein said diseased 
tissue is ah 'internal : efgan, ibd ''wherein irradiation* is delivered via 

10 ' endoscopes afrcf'said acoustic 7 transducer *sj' positioned <on the skin 
surface. 

* * . - • -* 

3 - : 18. ' The method *of claim? 1, .wherein said diseased 

tissue is an internal * organ/ and wheiein irradiation is delivered 
1 5 onto the skin surface and said transducer is incorporated with an 
endoscope and positioned inside the : organs. 

• ■ 

19. The method of claim 1 , wherein said . diseased 
tissue is an internal organ, and wherein an optical fiber and 

2 0 transducer are incorporated' in endoscope and positioned inside the 
organs. rT < : 

20. A' tomography- system for biomedical diagnostics 
comprising: - - • *< x "s - v o ;<* v 

2 5 a pulsed laser; ' 1 j^.f- 

a light delivery system; 

at least' 1 one acoustic ^detector; 

an electronic sysreni for signal <re;e ? ordjng and 
processing; and 

3 0' a computer with software for image reconstruction and 

analysis. ■ • , . : , . ( 
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(54) Laser ultrasound probe and ablator 

Vi (57) A laser ultrasound probe, suitable for intravascular use, 
of the kind having an ultrasonic transducer element 
comprising an ultrasound receiving surface of piezoelectric 
polymeric material and an optical fibre with one end directed 
forwardly from that surface and arranged to receive laser 
radiation for transmission through the optical fibre and 
emission from the said one end thereof, wherein the optical 
fibre is coupled with laser source means adapted to provide 
alternatively a relatively low average power laser beam, 
which, when modulated or pulsed and emitted from the one 
end of the optical fibre and incident on a target will generate 
ultrasound at an intensity suitable to be received by the 
transducer element and converted thereby into electrical 
monitoring signals, and a relatively high average power laser 
beam suitable, when incident on the said target to produce 
ablation thereof, the transducer element being sufficiently 
robust to withstand the ultrasound which is then also 
generated. The relatively low average power laser beam may 
alternatively be at a first wavelength which, when modulated 
or pulsed and emitted from the one end of the optical fibre 
into a medium which is highly absorptive at that wavelength, 
will cause said medium to generate and propagate ultrasound 
at an intensity suitable to be reflected by a target contacted by 
said medium and received by the transducer element and 
converted thereby into electrical monitoring signals, the 
relatively high average power laser beam being then at a 
second wavelength at which the said medium is transmissive 
and being suitable, when incident on the said target to 
produce ablation thereof, the transducing element being 
sufficiently robust to withstand the ultrasound which is then 




PCT 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 

International Bureau 



INTERNATIONAL APPLICATION PUBLISHED UNDER T HE PATENT COOPERATION TREATY (PCT) 
(51) International Patent Classification 5 : 



A61B 17/22 



Al 



(11) International Publication Number: WO 94/28804 

(43) International Publication Date: 22 December 1994 (22.12.94) 



(21) International Application Number: PCT/GB94/0I276 

(22) International Filing Date: 14 June 1994 (14.06.94) 



(30) Priority Data: 
9312327.1 



15 June 1993 (15.06.93) 



GB 



(71) Applicant (for all designated States except US)z BRITISH 

TECHNOLOGY GROUP LIMITED [GB/GB]; 101 New- 
ington Causeway, London SE1 6BU (GB). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only)x DEWHURST, Richard, 
James [GB/GB]; 6 Mallard Crescent, Poynton, Cheshire 
SK12 1HT (GB). PAYNE, Peter, Alfred [GB/GB]; 13 
Chelworth Manor, Manor Road, Bramhall, Cheshire SK7 
3LX (GB). CHEN, Qin, Xin [GB/GB]; 9 Tewkesbury 
Avenue, Hale, Cheshire WA15 8QN (GB). PANG, Kok, Fu 
[GB/GB]; 73 Totterdown Street, Tooting Broadway, London 
SW17 8TB (GB). 

(74) Agent: GASKIN, John, Shield; British Technology Group 
Limited, Patents Dept., 101 Newington Causeway, London 
SE16BU(GB). 



(81) Designated States: GB, JP, US, European patent (AT, BE, CH 
DE, DK, ES, FR, GB, GR, IE, IT, LU, MC, NL, FT, SE). 

Published 

With international search report. 



(54) Title: LASER ULTRASOUND PROBE AND ABLATOR 
(57) Abstract 

A laser ultrasound probe, suitable for intravascular use, of 
the kind having an ultrasonic transducer element comprising an 
ultrasound receiving surface of piezoelectric polymeric material 
and an optical fibre with one end directed forwardly from that 
surface and arranged to receive laser radiation for transmission 
through the optical fibre and emission from the said one end 
thereof, wherein the optical fibre is coupled with laser source 
means adapted to provide altemadvely a relatively low average 
power laser beam, which, when modulated or pulsed and emitted 
from the one end of the optical fibre and incident on a target, 
will generate ultrasound at an intensity suitable to be received 
by the transducer element and converted thereby into electrical 
monitoring signals, and a relatively high average power laser 
beam suitable, when incident on the said target, to produce 
ablation thereof, the transducer element being sufficiendy robust 
to withstand the ultrasound which is then also generated. The 
relatively low average power laser beam may alternatively be at 
a first wavelength which, when modulated or pulsed and emitted 
from the one end of the optical fibre into a medium which is 
highly absorptive at that wavelength, will cause said medium 
to generate and propagate ultrasound at an intensity suitable to 
be reflected by a target contacted by said medium and received 
by the transducer element and converted thereby into electrical 
monitoring signals, the relatively high average power laser beam 
being then at a second wavelength at which the said medium 
is transmissive and being suitable, when incident on the said 
target, to produce ablation thereof, the transducing element being 
sufficiently robust to withstand the ultrasound which is then also 
generated. 
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LASER ULTRASO UND PROBF Awn ari athp 

This invention relates to probes comprising a forward-looking 
ultrasound receiver and optical fibre means for directing laser 
5 signals on to a target to generate ultrasound to be sensed by the 
ultrasound receiver, especially for use in intra-arterial imaging 
and, preferably, therapy. 

It has been proposed, in a paper entitled "Analysis of the 
acoustic response of vascular tissue irradiated by an ultraviolet 

10 laser pulse" by H. Crazzolara et ah (J. Appl. Phys. 70 (3), 
1847-9, 1991), to use an ultrasound probe comprising a disc of a 
piezoelectric polymer, specifically polyvinyl i dene fluoride 
(PVDF), supported on an end of a metal rod element, to monitor 
the ultrasound generated during ablation of a target by incidence 

15 upon it of laser beam pulses emitted from an end of an optical 
fibre which is physically separate from the ultrasound probe, 
thereby to distinguish between incidence of the laser pulses on 
normal arterial wall material and on calcified hard tissue of a 
sample of arterial material being investigated in vitro . 

20 Probes of the general kind to which the present invention 

relates have also previously been described, in UK Patent 
Specification No. r 2212920, which describes " inter alia such a 
probe in which the ultrasound receiver comprises a dished 
circular transducer element of a piezoelectric-Apolymer - material 

25. .such as PVDF and an .optical fibre projects coaxlaLJy through the 
centre, of the transducer element and has an end, JLh front of the 
transducer element, from, which laser beam pul se.s'^re emitted in 
use of.. the apparatus to strike a target, preferably, at a'/focus of 
,the dished transducer element, causing it to emit. 'laser-induced 

30 ultrasound signals . wh : i di -.are received by the- transducer element, 
.thus enabling the target ' to. be investigated ultrasonical ly. 

It is an object <r of. the present invention 'to provide an 
improved laser ultrasound . probe, suitable for intravascular use, 
,of the kind having an ultrasonic transducer element- comprising an 

35 . ultrasound receiving surface of piezoelectric po'lymeri c ' .material 
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and an optical "fibre with one end directed forwardly from that 
surf ate.;, and arranged tou receive laser radiation for transmission 
: through the optica fibre and emission . from the said one end 
. therepfj.- - .,». -H'.:.:-- v,.jO: «:v -fv:.. ■ : . • * 
" Accortjinfs to*9ne --aspeat ^.ettesHijiverijtlonv'ittie.tQPtl.cal fibre 
j: of sucjir aerobe* fs.r coupled with -las:er ^pqrcer. means adapted to 
pirovide, sterna trivet y—a ^relatively,* - 4 ow T ^average cpower laser beam 
v v whkh^o^enjwoduUted .on pulsed- and emitted from the one end of 
the: optical -fibre :and incidents on: a* target, \ will generate 
.10 ^Itrasound./at aa intensity ? .suitable , to be . received" by the 
transducer .element -.-..and I., converted . thereby intQ electrical 
monitQring, signals, and .a. relatively high average power laser 
— beam suitable, when incident on the said target, to produce 
. ; ablation ; thereof , the transducer element being sufficiently 
\Si -robust to withstand the ultrasound. which is then also generated. 
: * According -to another aspect , of the invention, the optical 
fibre of such a probe is coupled with laser source means adapted 
- --<to provide alternatively a relatively low average power laser 
•beam at a first wavelength which, when .modulated or pulsed and 
: 20 emitted.from the one end of the optical fibre into a medium which 
is highly^ absorptive at that wavelength, will cause said medium 
to generate . and propagate, ultrasound. -at a* intensity suitable to 
be- jretf Jftcted by a .target contacted by said medium and received by 
. - the transducing element and converted thereby into electrical 
25 monitoring signals, and a relatively .high average power laser 
. ? ; heam at :a. second wavelength at which the said medium is 
transmissive and suitable, whren incident: on the said target, to 
produce , -ablation thereof , - the— transducing, element being 
sufficiently robust to withstand the-, ultrasound which is then 
30 al so generated. - ; - 

In a particular form of* this last-mentioned probe in 
accordance .-with., the - invention, the -said one end of the optical 
fibre is directed in a forward longitudinal direction of the 
probe and the said ultrasonic transducer element is a forward 
35 looking transducer element of the probe,- susceptible to 
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ultrasound generated and propagated for%artily 1fl the said^medium 
: c and P reflected by a first target !<>cated'Mn3 the toward direction, 
' : and the . probe 1 Is further provided: with sat r^ast one sideways- 
looking ultrasonic transducer element suscepfiWe to ultrasound 
5 '* .generated '&nd« propagated tn the f said: medioffi- and reflected by a 
^ ^cdnd-Target^t^tacted fey the: mediuin arid ^ disposed laterally of 
the r prdbeV Preferably such a probe* ]<& provided' with, a plurality, 
say -sixteen, 'of * 'tfte? f «s:ideways-l6okiflg ' transducer elements, 
disposed eircumferentiaHy' round the probe and each having its 
. 10"<bwn electrical output-signal, connection for connection to signal 
processing' apparatus for image *deri vation. 

In any of the embodiments < of the • invention as' referred to 
above; the said one end of the optical fibre preferably projects 
= through and forwardly frcim the said ultrasound receiving surface. 
15 Preferred embodiments of an improved laser ultrasound probe 

according to 1 the invention are described below with reference to 
the accompanying drawings, in which:- : - 

Figure '1 is 1 a- general 'perspective view showing a probe 
according to ' the invention, together with coupling means for 
20 coupling an optical 'fibre of the probe to laser-source means and 
electrical' output connection* from a piezoelectric ultrasound 
transducer of the pfobe v to electrical receiver -means (not shown); 

Figures 2 and 3- are respectively an elevatidnal view and a 
longitudinal sectional- view, both on a larger • scale, of the probe 
25 ' shown in Figure V; 1 ' ' 

Figure 4 and 5 are- longitudinal sectional- views of two 
further embodiments of ^ a< probe according . to the invention, 
incorporating mi nor^ constructional modifications of * that shown in 
Figures 2 and 3; * - - . 

30 Figure 6 is a phantom perspective view showing an electrical 

connection of the probe" shown in Figure 5; 

Figure- 7' is a -longitudinal sectional view of another probe in 
accordance with the invention; and - '< 

^Figure 8 is a cross-section taken on the line VIII-VIII of 
35' Figure 7. - : ' ' - * ' 
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The- 'probe shown: in Figure 1 comprises- a probe head 11, from a 
front end face of which projects one end of an optical fibre 12 
. '{whichmay suitably .be a PCS 600. optical fibre), rand a cable 13 

- to- which the- probe head 11, isvsecured ami through which extend 
5- the -optical fibre J2. and an* electrical: -connection from the probe 

i . -head :as will; *be* (tescriberf,^ The connection between the probe 
: . - * head 11 i ?amt the, . catele . 13 may- < be Covered and mechani cal ly 
~ strengthened by the„ provision of - a- shrunk-on . sleeve 14 of 

- suitable plastics material f as shown in Figure h At its other 
10 ,end, the cable . 13 extends into a signal connector or manifold 15 

. . which includes an electrical v socket 16, for example a standard 
SMC socket 4 . at which the electrical connection from the probe 

- head 11 is terminated. -The optical fibre 12 extends continuously 
through and beyond the manifold 15, and within a protective 

15 extension cable covering -17, -to ,an . optical fibre connector 18, 
- - such as a standard SMA optical fibre -connector.. By means of the 
i connector 18 the probe head 1.1 is connected to the output of a 
. laser, Inot shown) operable selectively at either of two different 
output J eve Is or (as shown schematically in Figure 1) to the 
;,20 outputs of two lasers; LI and L2 each, operable at a respective one 
of t^o different output levels. Thus the exposed end of the 
optical fi;bre 12 can be made, to emit either lower average power 
pulses of laser light which, on striking a target, generate 
ultrasonic pulses which impinger on the probe head 14 and are 
25 converted into electric signals which appear at the socket 16 for 
processing^ ; in an ultrasonic investigation of the target, or 
higher: average power laser pulses suitable to produce ablation of 
- * the target. < _ 

The probe head 11 shown in Figure 1, and its connection to 
30 the cable. 13, are shown on a -larger scale and in detail in 
' Figures 2 and 3. The probe head 11, as best seen from Figure 3, 
comprises a stepped cylindrical shell 20 of perspex or other 
suitable electrical insulating material, of which the 
smaller-diameter section- is internally threaded to receive a 
35 brass or other conductive screw 21 with an axial bore 22 through 
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' which the optical - fibre 12 extends. The TftteY-for of the larger- 
diameter section, of the shell 20 is filied-with-a silver-loaded 
- epoxy resin plug. 23 (through which the optical fibre 12 also 

extends axially). The plugr 23 and" the surrounding edge of the 

: 5" ihell :20 provide-a: support foro a pi:e-zoelectri.c transducer element 
: . ' in: the form;of:a superposed fAM 24-' of a - piezoelectric polymer, 
• • suitably ~PVDF, provided with a -metallised surface film 25 on its 
- surface remote from the plug 23.- The piezoelectric film 24 is 
bonded with a suitable adhesive,- for" example cyanoacryl ate, to 
*10- the plug 23 and to the annular and of -the- shell ,20 which ensures 
electrical isolation of the pi ug • 23 " f rom the metallised film 25. 
'The film -25 is covered by a finishing '-surface layer 26 of silver 
condQctive paint which also covers the outer surface of the 
shell" 20. . ><- ■ 

15 The cable 13 has at its centre" the optical ftbr* 12 and also 

includes an inner electrical' conductor in the form of an 
enamelled- copper wire 27 of which one' end,' stripped of its 
insulating enamel, is wrapped' around the threads of the screw 21 
where it is Held in place by means of a shrunk-on heat-shrink 

20 sleeve 28. The '-cable 13 also includes an outer screening 
conductor formed by a - braided copper sheatn 29, and one end of 
this is secured by means of silver-loaded- epoxy r resin 30 to the 
conductive paint coating 26 of the shell 20. 

Thus -one surface -of the PVDF film 24- - is electrically 

25 connected by its metallic filnriayer 25, • the -conductive paint 
layer 26- (which also -serves' as an extension- :of . the external 
screening) and " the silver-loaded - epoxy bond- 30 to the outer 
conductor 29 of the cable, while the other surface of the film 24 
is in contact" with the- silver-loaded- epoxy plug 23 and is 

30 electrically connected through it and the screw 21 to the cable 
inner conductor 27; and- the inner and outer conductors of the 
cable are connected respectively to the inner and outer contacts 
of the socket 16. 

The probe heads" shown in Figures 4, 5 and 6,- are similar to 
35 that shown in' Figures 2 and 3, and corresponding parts are 
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indicated : by the same reference numerals. In' the probe head 
shownMn- Figure 4v however, the inner conductor 27 is bonded and 
'•" -electrically connected directly -to the -silver-loaded conductive 

- - epoxy pfag 23, - %y means * of -a 'further : added small body of 
5 si Iver^ldaded conductive epoxy iHfctlT % 1 a ? ' tHe conductive screw 21 
of the "-head" shown iff Figure "3 -Keing -'omitted. In "the head shown 

c " in Figures 5 and '6, : the inner conductor 27 is conductively 

• - secured to one end of a copper wire conductor "21b by means of 
solder 21c, the other 'end of 'the conductor 21b being formed as a 

10 loop embedded in- the s five reloaded epoxy plug 23 <as best seen in 
Figure '6) and in good 'electrical connection therewith. In this 
ca'se a shrunk-on heat-shrink sleeve 28 protects the soldered 
- connection between ; the conductors , 27 and 21b and provides 
insulation from the outer conductive sheath 29. - 

15 The above-described embodiments of the invention provide 

robust and constructional ly" simple forward-looking probe heads 
• fdr use in -investigating (and preferably also ablating) arterial 
'blockages. Any of -the above-described probe heads according to 
the invention may ■■ without difficulty be made with an outside 

20' diameter no greater than 3mm, which is probably as small as will 
■ be required for medical purposes s~ince such a probe may be used 
to investigate and ablate blockages in_ correspondingly small 
arterial vessels, and smaller vessels, if they become blocked, 
become bypassed' in any event: 

25 ? The use of 'piezoelectric polymeric material, in particular 
PVDlF, father than a piezoelectric "ceramic, as the ultrasonic 
transducer is preferred for several reasons. Firstly, PVDF 
provides a much better acoustic impedance match with body tissue 
or fluid than does a ceramic/ and is a much better receiver of 

30" ultrasonic signals. - Also, PVDF is inherently wideband in its 
frequency response because of its higher internal losses compared 
with piezoelectric ceramic materials, thereby tending to reduce 
the amount of ultrasonic wave -reverberation within the transducer 
material - ancf thereby tending to increase the resolution of the 

35 transducer. Furthermore, PVDF is robust rather than brittle, and 
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is therefore well able to withstand ultrasound; generated during 
-~- high^power use of the probe to. effect. tissue:,abJat4on... 
•!• It wi J l,be ? understood that although in? the iUustrated probe 

'• beads , the PVQF.fttm .24 --4s m*tal 1 l.sjed on on,ly. one, surface, with 

; - 5 . reliance being. -placed pp v goQ4, all-over, -contact < of its other 

surface w4,th ;the, co^ducW-ve ; epo,*y ,£*sjn t plug -,23,- thi s other 
• . . . . surface of,..th.e. c ^,i],in my also be metallised ..if. r desired to remove 
, - the- necessity,^- good -alKover contact J, so Jong, as care is taken 
"T- ; to avoid short-circuiting- to the film 25 or the. paint layer 26). 
• « JO Also, instead of .applying a pre-formed film. 24,. the film-form 
- transducer element may be formed in .situ, by applying to the end 

-of the plug 23 absolution af -the BVQF. -polymer in. a suitable 
' - • solvent, spinning the. device to rremove-, excess ■, and heat-treating 

and subsequently. Rol-in-g the coated polymer- layer ,to render it 
15 - piezoelectrica-lly active. — 

It will also be ^under stood. -that although the -PVDF film 24, 
. .which., may be .some. lOpm ,i% thickness, is -shown as being flat it 
. may .be slightly ; disjied ...(for example by slightly .dishing the 
supporting end of . the epoxy plug 23) in -order to provide a 
20 • focussing- effect, ,, Alternatively-, as is described -in UK Patent 
Specification No..- 2.212920, already- referred to, a focusing effect 
may. be obtained ; by -dividing the PVD.F -film into electrically 
separate annular zones each, of which generates .its own signal, 
with due account being taken ; of phase differences, between the 
. * :25 signals; byt, : as...wi14 be recognised, this requires a separate 

electrical, connection .for each of the annular zones and would 
; - '- necessitate- some- redesign of . the . probe, heads to provide such 

multiple, connections. • . 

For carrying ou,t- ao ultrasonic examination , by means of a 
30 probe according to the invention, the optical fibre in the 
cable 17 . is fed-ma the connector 18 .from . a suitable laser 
source, which may conveniently be a conventional Q-switched 
Nd:YAG laser emitting, pulses of 20 ns duration at .a repetition 
. frequency .of , say,- 50 Hz-and a laser wave length, of .1 ..06vim focused 
35 by -a lens of ,. say-, 4 cm focal, length into one end. of an optical 
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. fibre, .fOf\. which -the other end is connected .through the 
, conne;Ctorc] 8 to. the .optical fibre- in the. cable 17 and thus to the 
■ optical. fibre 12. The output, of the laser may. be attenuated by 

• . the.use : of neutral density filtets to such a . level that the 
, 5 .- energy, delivered, by e^h laser , pulse .-emitted, from the exposed end 

of the- optical « fibre 12 is ..about 3 mO. • Pulses of this energy 
, have been, demonstrated as being quite adequate to excite a target 
- . .surface, into ultrasonic oscillation which is easily detectable by 

• a transducer of the kind constituted by the PVDF film 12. The 
10 -resulting electrical signal* provided by the probe head 11 are 

.processed 4n Jcnown c manner to provide ultrasonic- imaging. 

The spje laser may be re-adjusted to provide a higher-energy 
output suitable, for. ablating the target,, for example by switching 
- the.laser to operate in a normal mode instead of a.Q-switch mode. 
15 It will, however, be understood that alternative, low and high 

laser energy levels may be achieved in . other ways. At the target 
— surface, the important .parameter is power per unit area, and this 
can be varied by de r focussing the spot illuminated by the laser, 
, either by altering the distance of the. end of the optical fibre 
20 frcan.the target surface, and/or by altering the optical system by 
,which ; ,the laser output, beam ..is. fed to the optical fibre system. 
. Alternatively, as indicated .schematically " in Figure 1, the 
different .laser, power. - levels . may. be derived from two different 
lasers, U and L2„. possibly operating at .different wavelengths, 
25 -connected to respective, optical fibre transmission systems which 
: merge be/ore reaching their common connection to the connector 18. 
- , ^ • , Figures 1- and 8 . illustrate a more elaborate probe head 
according to the invention which includes not only a 
forward- looking ultrasound receiving transducer element but also 
30 -a plural ity-of sideways-looking transducer elements, all intended 
to receive, ultrasound generated by a laser, beam transmitted down 
an axial, optical fibre 12. The probe head,, indicated generally 
by the reference numeral 3,1,. has an electrically conductive 
metallic central . mi crotube. 32 through which the optical fibre 12 
35 extends, and surrounding the microtube 32 are an electrically 
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conductive metal disc electrode 33 in electrical connection with 

*. 

it and ; an electrically insulatirig body 34,' Suitably of epoxy 
1 *' : resin/along the outer periphery of whitfr : e*tsnd; in the axial 
direction, 1 a plurality of electrodes 35. ^As* shotfn in Figure 8, 
: - 5 the electrodes" 35; which may be sixteen- in number, 'are regularly 
r :> distributed nriund the ; cylindrical* periphery of the body 34, Each 
is- spaced, * and' : electrically insulated, at one end from the 
electrode 33, *nd at its other end terminates in a terminal 
section '36 which extends- on an end face of the body 34- The 
10 * electrodes 35 and their terminal sections 36, and also the 
electrode 33, may be preformed metal elements which are assembled 

■ 

in their intended positions relative to the microtube 32 prior to 
castfng the epoxy resin body 34 between them, or they may be thin 
metallic films which are deposited by any convenient method on 
15 the body 34 after it has been formed. 

The electrode 33', and : the cylindrical peripheral surface of 
the body 34 and * the associated electrodes 35," are coated with a 
continuous layer 37 of suitable" piezoelectric polymer such as 
PVDF, As described above, this may be applied by a spin coating 
'20 process in which PVDF is applied in a suitable solvent, the epoxy 
resin body 34 is rotated to obtain an even distribution of the 
* applied layer, and the layer is then dwedv heat treated and 
poled to render it piezoeVectrical 1y active. 

A terminal cap 38 is secured by mean's of a suitable adhesive 
; 25 to that end of the body 34* which is provided With the electrode 
terminations 36. The cap 38 is formed with ^ a plurality of 
bores 39, each in register with a respective termination 36, for 
receiving a respective terminal wire 40 to"- connect electrically 
with the termination 36. 'The bores 39 are of enlarged diameter 
30 at their ends "adjacent the terminations 36, so that a small 
quantity of electrically conductive si Iver-ldaded epoxy resin 41 
inserted through ~each bore before fitting of the respective 
wire 40 may be forced by insertion of the wire into good contact 
both with th f e wire "and with" the adjacent termination 36. The 
35 ' cap 38 has a* further ' bore, 42/ which accommodates a further 
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* terminal wire', 43, which, is electrically connected, fay solder or 
• v s?lver~ldaded epoxy resin 44, to the microtube' 32 and thus to the 
electrode 33* * % * r . - . 

Finally, the outer surf aee 7 ot, the ' PVDf layer— 37 is covered 
5 - With a layer of si Iver-loaded* electrically conductive paint 45, 
' " ' ^hi elf al so >*exfends; ova* r the;outsr surface' ofvtha cap '38. It will 
be understood that, "for use, 'the^probe head 31 us secured on the 
^ end of- 'cables which (like ^the qable .13* described -above) has the 
- optrc&T fibre 12 s extending 3 ' through ' it -and bas an electrically 
10 conductive Pouter sheath to' which -the conductive paint layer 45 is 
connected so as; to constitute an extension of the electrical 
shielding provided by the cable, sheath. In this case, the cable 
also includes seventeen signal conductor wires, of which one is 
connected to the terminal wire 43 and each of. the others is 
15 connected to a respective one of the terminal wires 40, the 
signal conductor wires being enamelled or otherwise insulated 
from one another and connected at their other ends to respective 
pins of a multi-pin socket corresponding to the socket 16 shown 
in Figure* 1 . . ^ : , -*" * - * 

.The layer 37 of piezoelectric polymeric material in the probe 
head 31 is continuous oyer, the electrode 33 and all the 
electrodes 35, but each ^of its regions ^covering one of these 
electrodes, and : sandwiched between that electrode and the 
overlying outer paint layer 45, constitutes an effectively 
25 ^separate ultrasonic transducer element, with substantially no 
cross-talk from one transducer, element to another,. It will be 
-appreciated that although for purposes of illustration the 
layer 37 is shown as having substantial thickness, in practice 
its thickness : may be only some 10 \xm or less and lateral 
30 transmission of ultrasonic vibration (which in any case is quite 
Heavily -damped) is minimal; Thus the probe head 31 incorporates 
a forward-looking ultrasonic .transducer element producing 
- - electrical output signals at the terminal wire 43, and a ring of 
sideways-looking ? transducer elements each producing electrical 
35 output signals at a respective one . of . the terminal wires 40. 
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: These transducer -output signals^ appl i.ed, . in*! known manner to 
.. appropriate signal processing equipment,: enable an ultrasonic 
image of the surroundings of the probe hejad *8t 7* both around and 
ahea& of it,'. 'to tie obtained^ . - - ..... 

. • : :As in the^case^-ofs the. probe. head 11 shown in figures 1 to 3, 
i th£ optical f:tbre :12 ojf the r-proberhead--3l r is connected to receive 
' . and transmit .a '-second olaser beam of relatively , higher average 

> power sufficient to. provide, ablation, of a : target disposed ahead 
of the. -.exposed .end, of the; optical, fibre: 1-2 ;-. as^ well as a first 

*JO laser, -beam of- lower , averages .-power. ■•. sufficient to generate 
ultrasound by means of -which the target can fvnsi be investigated 
• uiltrasonically. .As described -above, with reference to the probe 
head 11 shown in Figures 1 to 3, the -ultrasound may.be generated 
in the target itself by impingement of the f ir si-, laser beam upon 

15 it, and in" that case the> ultrasound from the,- target impinges 
directly on the forward-looking transducer- element constituted by 
the. part - of - the- layer 37 overlying the electrode 33 and 
ifldirectlyr after reflection at. any reflective boundary disposed 
laterally of the probe head, by any appropriate one or more of 

20 the sideways- looking transducer elements constituted by parts of 
the layer 37 Overlying electrodes 35. • • 

However, if ts preferred, in the cas£ of a probe provided 
with sideways-looking- transducer -elements as shown in Figures 7 
and 8, to arrange that the source of the ultrasound, shall be not 

25 thfe ultimate target- for ablation ; but the medium- immediately in 
front of the free end of the .optical -. fibre ..12. It is already 
established practice, when a probe of this kind. is .advanced along 

~ a blood VesseU ' 'to: Jnject water or saline solution into the 
vessel so as to- displace blood from the part of the vessel around 

30 and ahead of the probe • head. Jf, as the laser LI of Figure 1, 
there is used" an: Er:YAG -laser operating at. a wavelength 
of 2.94]im, at which . water and . saline -solution are highly 
-absorptive-, suitable - laser pul-ses. from that-;la : ser emitted from 
the exposed end : of ! the optical fibre -12 into the water or saline 

35 solution ahead of the fibre end are absorbed within a very short 
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" distance; rand generate ultrasound which, is radiated laterally as 

4. 

- well : as'rfecwards. so ^as to be reflected by the .vessel walls 
laterally' of ...the probe head as, well as by any obstruction or 
constriction ahead, so that both the sideways-looking and the 
S forward-looking-:: transducer r elemtnt5~ produce % electrical output 
signals which, after processing, provide an, ul trasonical ly 
derived i mage ^ of the vessel * around- and :ahead of the probe head- 
Th is image maytte used for positioning, the probe head relative to 
: ' the vessel t walls: and an obstruction* ahead, before switching to 
10 -.the second laser L2 -to provide a - second ^laser beam at a 
- wavelength for which the water or ; sal ine medium is transmissive 
- - and at a . power level suitable for ablating the obstruction. It 
will be - understood that- although this choice, of a suitable 
combination: of: laser wavelength and absorptive medium, to provide 
15 - -f-an:~ essentially pulse-echo type- of laser-generated ultrasonic 
probe, is especially preferred : in • the .case of a probe with 
s-ideways-l coking ultrasonic transducer elements (since it 
'- provides- a :well -defined ultrasound -source, in the medium 
: immediately ahead of the probe, instead of. a source at a variable 
20 distance ahead), it may also be employed in use of a probe which, 
like that shown in Figures 2 and 3, is only forward-looking. 

Probes in accordance with the invention- may, and preferably 
do, incorporate, in known manner, means for co-operating with 
guide wires to assist in steering the probe head along an 
25 artery; but, for simplicity and clarity of the disclosure of the 
invention, no such means or wires are illustrated in the 
accompanying drawings. 

It will be appreciated that since, in a probe according to 
the invention, the ultrasonic signals are generated by laser 
30 irradiation, an ultrasonic transducer element in such a probe is 
required only to receive, and not to generate, ultrasound. 
Piezoelectric polymers are ideal materials for use to form the 
transducer elements in such a situation, since they have high 
"receive" sensitivity and, compared with conventional 
35 piezoelectric ceramic materials, are chemically more stable, 
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mechanically more' robust and acoustically better; , matched to water 
and blood. Due to their low dielectric permittivity, theyhave a 
;is>. : - large dielectric * g^ ' constant, making ;: them good ultrasonic 
«■ : r : receivers;- furthermore , because - - of - , thei r . high internal 
, 5--*"tf1efectric-aw* mechanical lossesv reception, is -into-nsically wide 
' - band- :^ f % -. . v'- ; *h * . - ■ /.v. 
^ It may :be desirable ' that the laser LI, providing for the 

ultrasonfc investigation,; should- be tunable over a range of laser 
■ '■«" *. wavelengths/ -In 'that case, this 3aser-may be constituted by an 
10- optical parametric oscillator, offering .a wide range of 
: tunabil^ity ( from ! about 2pm fer2O0t hm) and a wide range of laser 
pulse wavelengths. • By " such meansv good discrimination may be 
obtained between healthy and diseased ttssue; for example, at a 
wavelength of 308 nm, dptical penetration .depth :.in tissue is 
15 approximately 0*15 mm, permitting an ultrasound* centre frequency 
of the order of 1 5 : MHz , which may - prove •: to ; be , close to the 
optimum for laser -probing:- If it transpires that such is the 
case and' a fixed laser wavelength of* 308 nm^ is satisfactory, a 
compact XeCl exctmer . laser may be used instead' as the laser 
1 20 source." 1 - \ * ; * ■ 
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: * CLAIMS • 

•1. A-iaser ultrasound probe, suitable for ' intravascular use, of 
the kind having an ultrasonic transducer element comprising an 
. - ultrasound receiving surface of* ^isoelectric polymeric material 
:5 v and* an *optita1 sf*bre^witfe'^bntf ^end ^dinected-rforwardly from that 
■ surface 'antf arranged to treeetvfe t>tesdr< radiation, for transmission 
through the optical fibre and emission frofli the said one end 
^ : thereof,' character ised- inc thar^the^opt teat : fibre \ s coupled with 
laser source means adapted to provide ^alternatively a relatively 
10 low average- powe? laser' beann which,' when modulated or pulsed and 
: emitted from "~ the one end of : the optical fibre and incident on a 
targets will generate: ultrasound^ at an. intensity suitable to be 
\ .received by the transducer element, and converted thereby into 
\ .electrical monitoring signals, and- a relatively high average 
15 power laser beam suitable, s when incident on the said target, to 
produce > ablation thereof, /the transducer element being 
" sufficiently robust to withstand the ultrasound which is then 

also generated. " ' • 

-1. A laser ultrasound probe, suitable for intravascular use, of 
20 the kind having- -an ultrasonic transducer element comprising an 
ultrasound receiving surface of piezoelectric polymeric material 
and an optical fibre with one end di reeled forwardly from that 
surface and arranged to receive laser radiation for transmission 
through the optical fibre and emission from the said one end 
25 thereof, characterised in that the optical fibre is coupled with 
laser source means adapted to provide alternatively a relatively 
low average power laser beam at a first wavelength which, when 
modulated or pulsed and emitted from the one end of the optical 
fibre into a medium which is highly absorptive at that 
30 wavelength, will cause said medium to generate and propagate 
ultrasound at an intensity suitable to be reflected by a target 
contacted by said medium and received by the transducing element 
and converted thereby into electrical monitoring signals, and a 
relatively high average power laser beam at a second wavelength 
35 at which the said medium is transmissive and suitable, when 
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incident on the said target, to produce ablation thereof, the 
transducing element being sufficiently, robust -to withstand the 
ultrasound which -is- then also generated.. »r 
v 3. .'A laser ultrasound probe as claimed in Claim 1 or Claim 2, 
5 characterised in . that the said one endj .of . the optical fibre 
projects, through -and .forward ly from the; s-aid ultrasound receiving 
surface.. - • - . . • - ,., 

4. A 'laser .ultrasound- probe- as ;el aimed in Claim 2, characterised 
in £ that the said one end of the optical fibre- is directed in a 

10 .forward.,, .longitudinal direction., of. . the.: -probe and the said 
ultrasonic transducer • element 4s a.- forward-looking transducer 
element of the probe, susceptible to ultrasound . generated and 
propagated forwardly in the said medium and reflected by a first 
target -located in. the forward direction, and the probe is further 

15 provided with at least one sideways-looking ultrasonic transducer 
element susc-eptibl-e to ultrasound generated and propagated in the 
said medium and • reflected by a second target contacted by the 
medium and disposed laterally of the probe-. 

5. A. laser ultrasound probe as claimed in Claim 4. and provided 
20 with a plurality, • suitably, sixteen, . of .the- sideways-looking 

transducer elements, disposed circumferentially round the probe 
and each having its own electrical output-signal- connection for 
connection to signal processing apparatus .for image derivation. 

6. A laser ultrasound probe • substantially as .described herein 
25 with reference to any of the accompanying drawings . 
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Biological Measurement System 

This invention relates to apparatus for use in- non- 
invasive in vivo monitoring of physiological substances 
such as blood and the* like. ~ ■ = 

One particular, but not exclusive , application of the 

™ " 1 ' V 

present invention is in th4 monitoring of blood 
glucose, for example in the 5 management of diabetes 
meilitus 7 rt is accepted that the management of 
diabetes can be much improved by routine monitoring of 
blood "glucose' concentration and clinicians suggest that 
monitoring as often as "four times per day is desirable. 

.„»„„, ,„,«« tf 

patients involves using a spring loaded lancet 'to stab 
the finger to obtain a blood sample which is 
transferred to a glucose test strip. The concentration 
is derived either by reading the test strip with a 
reflectance meter or by visual' comparison of colour 
change against' a colour scale. Many diabetics find the 
testing onerous as the technique is painful, 
inconvenient, messy/ potentially embarrassing and 
offers a site for the transmittance ahd acceptance of 
infection. 



Techniques have also been developed for non invasive 
measurement using transmittance or reflectance 
spectroscopy. However the required instruments are 
expensive and it is difficult to obtain accurate and" 
repeatable measurements . 

There are also known various types of in vivo chemical 
sensors. These rely on implanting minimally invasive 
sensors under the skin surface, but such sensors have 
poor long term reproducibility and bio-compatibility 
problems . 

There is therefore a need, for t improved means for 
routine monitoring of blood gluqos^e in a. manner which 
is simple and straightforward to use. 

The present invention makes. use of photoacoustic 

techni<3 ues - The fundamentals of photoacoustic 

* , _ - * * i ".t — 

techniques. a;re well known per se. A pulse of light, 
typically,, JLasej: light r . is applied to a. substance 

* * 4 -* *. 

containing, .an analyte of interest in solution or 
dispersion., ,th£, w^v p e length pf the applied light being 
chosen^ to interact with the analyte. Absorption of the 

v * « 4 

light energy by the analyte gives ris^ to microscopic 
localised heating which generates an acoustic wave 
which can be .detected by an acoustic sensor. These 

« ' *■ - 1 / < , , . ' c 

techniques have r been used to measure physiological 

. parameters in vitro. . 

,,*•.. * ■ • . « 

' " ' "> _ ~ . 

US Patents 5348.002 and .5348.0.03 . (Caro ). propose the use 
of photoacoustics in combination with photoabsorption 
for the measurement of blood components in vivo. 
However, the arrangement proposed by Caro has not been 
demonstrated as a workable system and may suffer from 
interference to a degree which would preclude useful 
acoustic signals, and since they would also suffer from 



interference and resonance effects from hard structures 
such as Bone.' 

s 

*■ 

It has also been proposed by Poulet and Chambron in * 
Medical and Bi ological Engineering and Computing , 
November 1985, Page 5S5 to use a' photoacoustic 
spectrometer in a : cell ? aaftaftgembnt' to~raeaStir#* 
characteristics -of 'cutaneous tissue f but th6 Apparatus 
described would not be suitable for measuring blood 
analytes. v - . 

Published 'European Patent 1 Application 0282234A1 ■ 

(Dowlmg) proposes the use Of photoacoustic 

- . ' " " > ■ , '~ - 
spectroscopy for the measurement of blood analyses such 

as blood glucose. This disclosure however does not 

show or suggest any means which would permit the 

-.» *' * ■ » , , 

Required* degree of coupling to body tissues for use in 

• . ■* 

vivo. 

r - 

Accordingly/ the present invention provides a serisor 

s ****** ~ * 

head for' use in photoacoustic in vivo measurement, 

comprising a housing shaped' to engage a "selected body ' 

part, light transmission means terminating ' in said 

housing so as to transmit light energy from a light 

source to enter the body part along "a beam axis, and 

acoustic transducer means mounted 'in the housing to 

• - . * - - 

receive acoustic waves generated by photoacoustic 

interaction within the body part, the acoustic 
transducer means being disposed in the housing to 
receive said acoustic wave in a direction of high 
acoustic energy. 

- •• 

* 

The expression "direction of high acoustic energy" is 
used herein to denote a direction' other than the 
forward direction of the light beam. Preferably, the 
transducer means" is disposed so as to intercept 
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1 acoustic energy propagating at .right angles to the 

2 optical beam axis, or at an angle to the ^optical beam 

3 axis which may be down to about 20° , typically about 

4 -45^ ... ^ ..... . 

6 An exagt measure of the angie of. high, acoustic energy 
r; 7 can be t yppked.out r but. in dependent upon the specific , 

^8- :< geometry * of : the ^ight sourqe* , t the properties jDf the 

9 .tissue and^ the absorption coefficient of the tissue. 

* - V* v ■• * -. v ^ 

10 One model for understanding the propagation of the 

* • - , 1 4 

11 acoustic energy in any homogenous media was developed 
42 by Huyghens and is called .^he principle of 

13 superposition. In this model each volume element that 

14 is illuminated by the light generates an acoustic 

15 pressure wave t:hat radiates outward in a spherical 

16 manor. The magnitude of the pressure wave at each 

17 , volume element depends on, the intensity of the optical 

18 beam at that location, the absorption coefficient of 

19 the material at that location, the wavelength of light 

20 and qji several other pthysicral properties of .the 

* * ** ■ » * . . 

21 material such as the speed of sound and the specific 

' ~ «. » ' 4 

22 heat. The signal, measured at the detector is just the 

23 . superposition, of all pressure waves from all points 

24 that are . illuminated by the source light.- An 

t 25 analytical solution for the pressure wave has been 
.26 worked out for a few cases in aqueous material. The 

27 analytical case that best matches the in-vivo 

28 measurements is that of a cylindrical optical beam 

29 propagating in a weekly absorbing material. In this 

30 case the direction of highest acoustic energy is 

31 perpendicular to the optical axis. The base detector 

■ 

32 location is with the plane of the detector 

33 perpendicular to the acoustic energy, or parallel to 

34 the optical axis. This is because the acoustic 

35- detector has the highest sensitivity when the acoustic 
36 energy strikes the detector perpendicular to the plane 



of the detector. This analytical model is not 
completely accurate for the in-vivo measurement case 
because of scattering' of the tissue and because the 
tissue absorbs more than the model predicts. These * 
differences Indicate that -a different position for the 
detector 7 will" be" optimal -. : A detailed numeric * model is 
teqiilred' to^de'tetmlh^ the best ^detector location and is 
'dependent Upon the' beafn- properties, \ foctrsed to" a £>oint, 
colligated, '^c; ) \ body site { f inger,r* earlobe r . arm 
etc.) and wavelength. One skilled in the art can 
readily develop^ an appropriate mode." However, suitable 
locations for- a detector will generallyrbe at an' angle" 
to- the optical axis, angles between 40 and* 90- degrees 1 . 
should" be suitable. ' ? 

■i , 

■» 

In one preferred arrangement, the acoustic transducer 
means isr arranged- parallel to the optical beam axis, 
tfhis arrangement- is* particularly suitable- for use where 
the' selected body ! part is the distal portion of a 
finger, in which case- the housing may include a 
generally; half -cylindrical depression in which the 
finger may be placed with the light^ transmission means 
aimed at the end of the- finger. : 

Preferably, the acoustic transducer means comprises a 
piezoelectric transducer which most preferably is of a 
sekl-cylihdrical shapfe. This * transducer may be 
provided with a backing of lead or other dense 
material, and the backing may have a rear surface 
shaped r td minimise internal acoustic reflection. 

if 

I 

Alternative transducer means include a capacitor-type 
detector, which is preferably small and disk-shaped; an 
integrated semiconductor pressure sensor; and an 
optical pressure sensor, for example based on an 
optical fibre. * - ■ 



In an alternative arrangement , the plane of the 
transducer may be arranged to be perpendicular to the 
optical axis to, detect the acoustic wave- which is 
propagating in a direction opposite ±p the direction" of 
the light beam. For example, £he acoustic A transducer 
means, may be pAr^Tspliepric^l-.wijt^c ajp^. aperture, to allow 
.access „ f oj: -the>lj.g&t ? fee#m . f j * TJM-JPerP^yo&eo particularly 
suit able- f p.r : - eng^gegiep^ witht #ibQ,4y ,pa<frt pther, than the 
.f inger.o fo.r.-examprler th^-bacH- of the^arm.*- 

The generation of i*a sugrf aqe : $cpus£ic ,wave x is * an — 
inherent aspect* of th$i in yivoi pulsed x photoacous tic 
generation in tissue , and* may be used to characterize 
tissue properties such as density A, surface wave 
detector may be provided in the sensing head assembly. 

• . * 

Preferably means are provided for e&suring^ a consistent 
contact pares sjure, between ,t|ie f ^ se ; lected r bp^y r part and the 

to 

acoustic £ r^jis due ep means ? In the^caae^ where, the : 
selected part the distal portion: pf the finger, said 
means may be ^>rqyide^ by. mounting -the, port ipn pt the 
housing .engaged by, the finge,r in auresilientiy biased 
fashion against the remainder of tjie housing, and 
providing means to ensure that measurement is effected 
when the pr^ptexmineji force or . ^assure is, applied by 
the subject agains # t the resilient- bias . ^In- J:he case 
where the jse\ec%q$ : par* is th£ earlobe, , said jrveans may 
be provided, by, placing t^e ^ar -between ,twq ri plates and 
applying pressure :to .t^e ear with : springs or. weights or 
other force method^ , =T he. two, plates holding the ear may 
contain a removable insert. The two plates may be flat 
or may be of another shape to optimally position the 
detector with respect to the beam axis.. 

- * 

In addition,, the present invention provides a sensor 
head for use in photoacoustic in-vivo measurements, 



comprising a housing shaped to receive a removable 
insert, a removable insert that engages a selected body 
part, the insert being fitted to an individual, 
allowing, for, a range of sizes of body parts to be used, 
and further, comprising light ' transmission means 
terminating in or near said removable insert so as to 
transmit, light energy from a light source or sources to 
enter .the body part along a beam axis, ana an acoustic 

<•+ » w * ^ * 

* * — , T, * r - j . 

transducer means mounted iri the housing or in the 
removable insert to receive acoustic waves' generated by 

f . * * * 

photoacoustic interaction within the body part to 
receive said acoustic waves in a direction of high 
acoustic energy. 

7 ' 

* 

* 

From another aspect the present invention provides an 

in vivo measuring system comprising a sensor head as 

- - * - ' < r 1 

hereinbefore defined in combination with a light source 
coupled , with the light transmission means, and signal 
processing, means connected to receive the output of the 
acoustic transducer means and to derive therefrom a 
measurement of .a selected physiological parameter ♦ 

' ~ , * - - 

_ % 

-Preferably.,, the light transmission means is a fiber 

\ 3 - ' T 

distribution system where each light source is 
connected to an individual fiber and when multiple 

light .sources are used the multiple 'fibres are joined 

* 

by some standard fiber combining method, such as a 
wavelength division multiplexer or a fiber coupler. 
-The fiber that comes from the light source, or contains 

- ► ... 

the combined light for a multiple source system, is 
then terminated in proximity to the body part being 
measured. The fiber could be in contact with the body 
part or alternatively standard optics, such as lenses, 

beamsplitters and such, could be employed to convey the 

- • . . .1 

c 

light from the end of the fiber to the body part . A 
reference detector or several reference detectors and 
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beamsplitters can be added to the optical distribution 
system to determine the energy of the light entering 
the body part. 

Alternatively, ihe optical distribution system may 
contain mechanical holders, lenses and such to convey 

-the light from the source, or sources/ tr> a location in 

. - . -« 

-proximity to the body part being measured. A reference 
-detector or several reference detectors and 
beamsplitters can be added to the optical distribution 

* ■ *■ * 

system to determine the energy of the 'light entte'ring 
the body part. 

The acoustic signal from the detector contains 
information in both time and frequency, and there may 
be information from several sources. The processing 

7- - 

means is preferably a multi-dimensional processing 
method, such as Classical Least Squares (CLS) : 6r 
Partial Least Squares (PLS). * Alternatively the 
processing method may be more flexible, such as 1 a 
Neural Network. In addition to these methods the 
signals may be analysed for their frequency content 
using such techniques as Fourier Analysis or Frequency 

Filtering In addition techniques may^be employed that 

> 

use. time information such as the time delay from source 
trigger. Techniques that combine both frequency and 
time information may be employed, such as Wavelet 
analysis . 

The .light source is preferably a laser light source and 
is most suitably a pulsed diode laser, but may utilise 
a set of such lasers or utilise a tunable laser source. 
In a particularly preferred form, suitable for use in 
measuring blood glucose concentration, a laser diode is 
. used with a wave length in the range of approximately 
600 nm to 10,000 nm and a pulse duration of the order 



of 5 to 500 ns. 

- - - 

The delivery to the measurement site may be either 
directly or by optical fibre with a suitable optical 
element to focus the beam intt> the .tissue. 

* 

Preferably means are provided for time multiplexing 
multiple sources 'frhen niuitiple ' sources are used. Each 
source is switched on, arid it generates an optical 
pulse, or a set of optical pulses. This pul.se, or set 
of pulses, generates an acoustic signal that is 
detected by the detector. Each source is pulsed in 
sequence until air sources have been used to generate 

their own signal. -* >- 

-. ■ * 

The measuring system may conveniently be in the form of 
a self contained system including a power supply and a 
readout, which may be carried on the person and used at 
any convenient time. " 

It is also possible for such a self contained system to 
incorporate, or to be provided with facilities for 

' - * 

connection to, a cellular telephone, two-way pager or 
other communication device for routine . transmission of 
.measurements taken to a central data collection point. 

In addition the measuring system may have provision for 

* * — 

manipulating the body part under measurement and for 
performing additional measurement of the tissue to get 
other information about the' state of the physiology of 
the issue. It is well-known in the art that squeezing 
a section of tissue to increase the pressure and then 
releasing the pressure will cause changes in the total 
blood volume in the measurement - site . The present 
invention may allow for this type of manipulation 
including the squeezing of a body part, such as an 



10 



ear lobe, and making photo acoustic measurements at 
several different pressures. The present invention may 
also allow -f or -the measurement of the temperature of 
the body -site" and' jtja apply a correction to the 
measurements base'd upon the temperature of the body 
site. 



Anotner type^ Of - phys.i@l9gica t l y man4pulation is body 
temperature^. - ~- ttn is &nojwn, : in, the, art , that several 
parameter's: tfavolvseA -in the. detect ipn of the photo 
acb\astic* s'ignta'l, ^ucjhj-as the speed of sound, are 
dependent upon the. rtamperature of the medium the signal 
is ^propagating ^through (the, .tissue) . Also the 
profusion of the blood in the small capillaries is 
dependent upon the temperature of the tissue- 
Additional informjation abotjt ti)| tissue can be obtained 
if the pftoto acQus£ic measurement is made at several 
temperatures both >higher : and lower than ambient 
temperature. This additional ^information is used to 
better eliminate interferences to the determination of 
the analyte under ^igv^tigation. These are only two 
examples of manipulating /the body site and are not 
intended to. be - an<-.exhaustive list, and 'they^can be used 
' in combination wi-^ other,, manipulation' techniques . 



1 ^ j T 



The in-vivo measuring system may comprise a means for 
storing calibration B co$£f ic^ients or operation 
parameters or both -calibration coefficients and 
operational- parameters,, in-order to calibrate the 
instrument and to, set critical operational parameters. 

* - 

Another aspect of the present invention provides a 
means for adjusting the calibration coefficients and 
operational ^parameters .to be specific to a particular 
person- and may be .used to adjust for such things as 
body par^ size, skin. color, skin condition, amount of 
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body fat, efficiency of the detector and efficiency of 
the source(s) . 



- ■ • * ~ ^ ■> * 
In addition the present invention may provide for 

having the specific calibration coefficients and 

operational parameters be contained in a storage site 

— • » «, 

located in the removable insert • This Allows for the 
system to, be both mechanically and operationally 
configured to a particular individual* "Additionally 
the invention may allow for the calibration 
coefficients and operational parameters to be stored in 
two locations, one in the non-removable housing and one 
in the removable insert with some of the coefficients 
and parameters stored in each location- This allows * 
for reader system coefficients to be stored in the 
reader and coefficients specific to an individual to be 
stpred in the removable insert for that person, 

» r ^ ^ 1 - l 

enabling many people to use the same reader. 

Another aspect of the present invention provides means 
for connecting the non-invasive measuring system to an 
invasive measuring system for the purpose of 
calibrating or adjusting the operational parameters of 
the non-invasive measuring System I Sach connection may 
be accomplished, but is not limited to, communication 

- , • v . - 

J s - 

by a wire, IR link or radio waves. 

~ I 

Another aspect of the present invention provides a 
method for removing instrument drift from the 
measurement comprising the steps of: 

1. .Placing a standard in the reader in place of the 

- - v t 

body part. 

2. . Measuring the signal from the standard for each 

wavelength and storing the values in the 
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calibration storage location. 



3. Before making a measurement of a body part, 

placing the calibration standard in the reader- 



4. Measuring the signal from the standard for each 
source-. 



5,. Comparing the just measured standard values 1 to the 



stored calibration values. 

- i 7 



6. Calculating correction factors for each source 
wavelength. 



7., Removing the standard and placing the body part in 

- - - , * 

the reader. 



8. Measuring the signal from the body part for each 
source. 

9. Adjusting the measured values using the calculated 
correction factors . 



In addition to the signal correction factors a 
correction factor can be calculated for the instrument 
temperature. This can be applied to each signal with a 
different correction coefficient. 

" . - - ' * r - " • i «. 4 t 

The invention further provides a method of measuring a 
biological parameter in a subject, the method 

J ( - t 

comprising the steps of: 

directing one or more pulses of optical energy 
from the exterior into the tissue of a subject 
along a beam axis, the optical energy having a 
wavelength selected to be absorbed "by tissue 
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components of interest, thereby to produce a 
photoacoustic interaction; 



detecting acoustic energy resulting from said 

> 

photoacoustic reaction by means of a transducer 
positioned to intercept acoustic energy 
propagating in a direction other tha~ri the forward 
direction of said beam axis; and * 



deriving from said detected acoustic energy a 
measure of the parameter of interest; and a 
corresponding apparatus . 



Embodiments of the invention will now be described, by 
way of example only, with reference to the accompanying 

n 

drawings in which:- 

Figs. 1A,1B and 1C are side views illustrating the 
principle of operation of one embodiment of the 
present invention; 

Fig. 2 is a schematic perspective view showing a 
sensor head for use in carrying out the 
_ measurement illustrated in Fig, 1; 

Fig 3* is a cross section view of the sensor head 
of Fig. 2; ' 

i _ 

3- . > 

"* ' - „» 

Fig. 4 is a side view of the sensor head of Fig. 

2; * 

■to 1 • " I • ' 

Fig. 5 is a schematic perspective view of an 
apparatus incorporating the sensor head of Figs. 2 
to 4 ; 
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•Fig. 6 is a perspective view illustrating an 
alternative form of sensor head; 

Fig. 7 is a schematic end view showing another 
form of sensor head; 



». ... > 



r * - » » 



F t igs. 8a and 8b are a cross-sectional side view 
and a plan view, respectively, of a further sensor 
head; 



Fig. 9 is a cross-sectional side view of one more 

* * - 1 ' . : * .... 

embodiment of sensor head; 

Fig. 10 is a perspective view of one type of ear 
interface apparatus; 

Fig. 11 is a schematic of a multiple laser optical 
distribution system using lenses, mechanical 
mounts and a reference detector; 

Fig. 12 is a schematic of a multiple laser optical 
distribution system using fiber optic cables and a 

fiber Wavelength Division Multiplexer (WDM), a 

. r » 

beam splitter and a reference detector; 

Fig, 13 is a perspective view of a finger 
interface apparatus with removable inserts that 
are moulded to fit one individual; 

Fig. 13A shows part of the apparatus of Fig. 13 in 
greater detail; 

Fig. 14 is a schematic of a semi-spherical 
detector that contains a hole for the light beam, 
with a vacuum system and a fiber distribution 
system; 
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* # 

Fig/ 15 is a perspective view showing one form of 

. r 

the instrument utilizing the vacuum body 
interface, a semi-spherical detector and the 
multiple laser source with lenses and mechanical 
housing;' ; ' ~'~ ~ , . 

» I» . Ji t* „ .i . ~ f: » - , . . . - 

Vig/ 16 is a perspective" view Showing bne "form of 
the instrument using an ear lobe body interface, 
with the added feature of being able to manipulate 
the pressure on the ear lobe; and 

r 

* * * * 

Figs/ 17, 18 and 19 are graphs illustrating an 
example, 

Referring to Fig 1, an important feature of the present 
invention lies in" introducing light energy along an 
axis into an area of soft tissue and detecting the 
resulting acoustic response transverse to that axis. 
Accordingly, in the arrangement of Fig IA light "energy 
from a diode laser (not shown) is transmitted via a 
fibre-optic guide 10 to the tip of a finger 12. ' The 
pnotoacoustic interaction occurs in an approximately 
cylindirical region indicated at 14 ffcmi which acoustic 
energy is radiated in a generally "cylindrical * manner 
and is detected by a transversely arranged acoustic 

o ■ -i "... 

transducer' 16. " *- 

In Figs" IS and 1C, the principle is similar. The 
ringer 12 is pressed against a support with force F. 
In Fig IB, the incident light beam indicated at L is 

directed as in Fig 1A, and the transducer 16 is at an 

i* ' 

angle of 45 degrees thereto. In Fig IB, the angle is 
90 degrees as in Fig 1A, but the incident beam is 
directed differently into the ' f ingertip . 
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In the present embodiment, the laser wavelength is 
chosen to achieve .high degree, of, absorption by glucose 
present in the blood, A ^suitable, wavelength is in the 
range approximately ,1000 tp 3.000 ran. The laser pulse 
duration is chosen to be short, typically of the order 
of 5 to 500 ns, in order to minimise thermal diffusion 
and thus to optimise the acoustic waveform. For the 
same .rea^ons^ijt JLp de^irAble^t^ u^e : a .spot size which 
is -spf--f iciently .s,mall tp, minimi sjs thermal diffusion, 
typically # r 5po.t* ,sj.zet of .tha orde.r of 0.05 mm to 
0.50 mm. 



The . v ef f i.ciency Qf . th§ j^ho to acoustic detection is also 
influenced by the positioning and dimensions of the 
acoustic transducer in relation to the characteristic 
extinction c Xe t ngth of the tissue at the principal 
wavelengths .chosen for measurement. In the fingertip 
arrangement jaf Fig. 1, .the system efficiency will be 
improved by optimising the length of the transducer 
crystal parallel -to the axis of the finger, but the 
length shoiild nqt be so great as to give rise to 

undesired signals which would occur at the point of 

- * * „.-,?'* , ? 

entry of . the ^optical energy into the finger and by 
, reason of interaction of the acoustic energy with bone 
or. other Jiard tissue. 



A second limit on the size of the acoustic detector 



derives from the wavelength of the acoustic wave in the 
tissue. Again making use of. Huyghens principal of 
superposition we view each point of tissue, that is 

r ' * 

illuminated by the incoming light, as a point source 
that generates a spherical pressure wave. The signal 
measured at the detector is just the superposition of 
all pressure waves from all points that are illuminated 
by the source light. Normally if the size of the 
detector is increased then the signal should also 



17 

increase because more energy is received by the 
detector. However if the acous'tic detector is too 
large then a pressure wave generated from a tissue 
element will create a pressure wave that will strike 

i 

the both ends of the" detector. If the paths length 
from the tissue •element' to the' first end of the • 

# 

T 

detector is different than the path length to the 
second end ; 6>'f the detector and Uf this difference in 
'path lertgth is about one half of the acoustic signal ' 
wavelength : then the signal will destructively interfere 
with itself and will reduce the magnitude of the 

measured signal. - * 

r L . « ■ ■ ■> 

Referring to Fig 2, one manner of carrying out the 
arrangement shown in Fig 1 makes use of a sensor head 
having a finger rest 18 which is slidably moveable 
within housing 20 closed by a front plate 22. The user 
inserts his finger in a semi-cylindrical depression 24 
in the finger rest' 18 with the finger tip engaged 
against dn end surface 28 which includes an exit face 
26 of" the optical fibre 10. The finger is then pressed 
downwardly against a resilient bias to enable a 

~ ' - t V 

standardised contact to 'be- obtained between the skin 
and the acoustic transducer. The. finger tip may first 
be dipped in water or coated with an aqueous gel to 
improve the acoustic coupling. 

Referring to Figs 3 and 4, in this preferred 
arrangement the acoustic transducer comprises a semi- 
cylindrical piezoelectric transducer 30. The 
transducer 30 is provided with a' backing member 32 of 
lead or another dense substance, the rear face 34 of 
which is shaped in irregular curves. The use of the 
semi-cylindrical transducer 30 maximises the area for 
reception of acoustic energy from the finger, while the 
use of a dense backing material minimises ringing 
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effects within the transducer. Additionally, the rear 
face 34 is shaped as shown to reduce reflection of 
acoustic energy back towards t»he piezo cry&tal. t 

Fig 3 ^lso shows the finger rest biased .upwardly by the 
use of constant tension .springs 38 

Fig ~5 illustrates schematically tjie apparatus of Figs. 
2 : and 3 ^embodied in a self -coat ained, portable blood 
.monitoring apparatus including a. user readqut 40. An 
apparatus, of this nature allows a diabetic, to .monitor 
blood glucose concentration in a CQnvenient manner, as 
frequently as may be desired, and in a painless and 
discreet manner. 

* 

■ t t I 

Other forms of photoacoustic sensor head are possible 
within the scope of the present invention. For 
example, Fig. 6 shows an arrangement in which 3 light 

guide 50 and an acoustic transducer 52 are applied to a 

* 

finger. 54 by means : of a hinged clamp member 56., Fig. 7 
shows a. finger 60, engaged by a light guide .62 and an 
acoustic transducer. 64 which are carried on a moveable 
assembly 66 with the finger 60 being trapped between 
the moveable assembly 66. and a fixed ajwil, 68. 

•m 

< - 

It is also possible to arrange the sensor head to co- 
operate with a soft tissue surface of the body, for 
example a soft part of the abdomen. Figs. 8a and 8b 
show an arrangement in which a cup shaped .member 70, 
suitably of rubber, causes a light guide .72 and an 
acoustic transducer 74 to be contacted with. a bulge of 
soft tissue 76 which may for example be drawn into 
contact by means „of a partial vacuum within the member 
70 caused , by , suction through a conduit 78, or by other 
mechanical or adhesive means. 
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A somewhat similar arrangement is shown in Fig. 9 in 
which a planar mount 80 carrying a light guide 82 and 
acoustic transducer 84 is secured to a soft area of 

body by means of surgical adhesive 86, 

* - 

Referring to Fig. 10, "6he method' of performing - 
measurement on an ear lobe 'involves placing the* ear 
lobe between a ; fixed plate 8? and^ a movable plate 88. 
The 'acotistid detector 89 is .mounted" partially 
perpendicular that is at an acute angle, to the beam 
axis defined as line going f torn the center of - a lens 90 
to the center of a window 91: it has been found that ' 
the system 'works satisfactorily with the detector 89 at 
an angle or 45° to the beam axis. The window 91 and 
the detector 89 are placed in direct contact with the 
ear and the opposite plate 88- places pressure on the 
ear using a suitable mechanism {not shown). This 
particular embodiment of the ear interface apparatus 
incorporates an alignment ring 92 which is temporarily 
attached to the ear and fits over the window housing 91 
to aid in aligning ear into the same location every 
time. • • 

Referring to Fig. 11, one method of combining light 
source's into the instrument is~ to use a mechanical 
housing 93 with several holes used to align lenses 95 
and laser diodes 94. The housing shown uses a 
hexagonal array of seven holes/ The sources and lenses 

* * " °+ * t - 

are arranged in such a way that they all focus to the 
same location 96 which could be on the surface of the 
body part. This design does not show the inclusion of 
beamsplitters and reference detectors but they can be 
added in an alternative arrangement. 

An alternative method of combining several sources into 
one beam is shown in Fig. 12. ' Several laser diodes 97 
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are shown coupled to individual fiber optic cables 131. 
These cables 132 ? are combined using a fiber c Wavelength 
Division;Multiplexer {WDM) 98. . Alternative .combination 

■ * - 

methods exist including couplers and multi-fiber 
bundles. The combined light exits the WDM 98 in a 
single fiber 104 c and tfrminates at the .focal point of a 
lens ?!31, jg his -.erj^L.pf ; thp-, fiber is intagqd .to the end . 
>of ;the f |.gg$$-lQ3*J:9 a^,sgo£ . iOg^f ing ^nqtljg^ leris 130. 
Some of t £h§ ; lig|i^ is ^pjit :of f ~.£hQ t raain ,b^?u using a 
beam. splittep, T lQ0^and^focused_ ontp n a reference detector 
101 ,using s >another lens- 99. -.Additional reference . . 
detectors,: and/o^ beamsplitters ,can- ; be adcied to the 
distribution system^without: t changiijg^ its, function. 
Alternatively a reference. detecto^ could look directly 
at the body part to measure, the. light reflecting off 
the surface, as a measure of the overalls light energy 
entering the body part. 

Referring to Fig. 13, another method of using, a finger 
as the body part and including removable, inserts is 
shown. A finger 105 is. inserted into an insert 106 

» mm 4. 

that is used to customize the finger holder to a 
particular finger. The moulded insert 106 is placed 
into a housing 107.,.,. . The finger 105 is, placed against a 
semi -cylindrical acoustic, detector in a module 108 which 
is, also attached to the houaing 107. A cover 109 for 
the housing .107 contains a. mechanism 111 to apply 
constant force to the finger. 105. The lights beam 110 
is introduced into the finger^iOS using. a suitable 
optical distribution system, (not shown). Fig. 13A shows 
the module 108 in greater detail. A base 2 00 carries a 
part-cylindrical piezo transducer 202 on a support 204. 
206 indicates a coaxial connector to communicate the 
transducer signal . 
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Fig. 14 shows, a schematic of an alternative to the 
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1 vacuum arrangement shown in Figs. 8" and 9. In this 

2 system a photoacbustic reader 121 is placed against the 

3 skin li 3 with a semi-spherical detector 112 in contact 

4 with the skin 113. A Vacuum pump 115 and vacuum seal 

5 116 create a negative pressure and pull the skin 113 

6 against the detector li2. Processing electronibs 119 

7 energizes light sources 118 and an' optical- distribution 

8 system "117 routes trie light "to the body part through a 

9 hole in the top of the semi-spherical detector 112 . 
The optical distribution system" 117 directs' a small 

11 portion of the light to a" reference detector 114. The 

12 processing electronics 119 measures the signal from the 

13 acoustic detector 112 and the reference detector 114 

for each optical source 119 and calculates the glucose 

15 value - The value is displayed on a display 120. 
16 

S * ' » " « I - * - 

17 Fig. 15 shows a similar system 125, only using another 

18 type of optical distribution system 127. Again a 

19 vacuum pump 123' creates' a negative pressure which draws 

20 the skin up to an acoustic detector 122: " Processing 

21 electronics 124 signals light sources in optical 

22 distribution system 127 to illuminate and a signal is 

23 .generated at acoustic detector 122. The processing 
electronics 124 calculates "the proper ~value and 

25 displays it on a display 126. 

26 

*■ < • • 

■ <• ' ' 

27 Fig. 16 shows an alternative arrangement of a photo- 

28 acoustic reader. In this system 128, the vacuum system 

29 is replaced with an ear squeeze mechanism 129 which 

30 applies pressure to the ear. An acoustic detector 130 

31 detects the signals from the ear lobe. 
32 

33 In the most straightforward forms of the invention, a 

34 single analyte such as glucose in blood can be measured 

35 by using light of selected wavelengths and by measuring 

36 the area or the amplitude of the received acoustic 
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1 pulse. It is preferable to make each measurement by 

2 using a. train of pulses, for example about 100 pulses, 

3 and averaging the results in order to^ minimise the 

4 effects of noise and pulse effects in the blood flow". 
5 

6 . The , accuracy of the detection system } is governed, in 

?.. pajrt, by the Signal to Noise Ratio (SNR) of the system. 

8 . VarJ.ati.bns .in' the intensity and duration .of" the light 

9 source can cause the acoustic signal to contain 
variations. A normalization technique, such as taking 

1L the ratio of the acoustic signal to the optical signal, 

12 csn significantly reduce the effect of the source 

-- , „ * 

13 variations, thereby improvingL the signal to noise ratio 

14 of the system. The optical signal can be measured with 

. *■ »■*«»»* ' , . 

15 a reference detector, or several reference detectors, 

16 one for each source or one for a wavelength range. An 

17 equation describing this type of normalization follows: 
18 

19 Acoustic Signal 

20 Normalized Signal = 

* - « * 

21 Optical Signal 
22 

' ' ' • »■ » 

23 In some cases the relationship between the optical 

24 signal land the acoustic signal changes with wavelength 

25 and light intensity. When this is the case the 

26 accuracy of the measurement can be further enhanced by 

27 determining the energy dependence of the photoacoustic 
signal. This may be determined by establishing the 

, specific relationship between the photoacoustic signal 
land the incident energy from a set of measurements and 

31 using this relationship to cpmpensate for the non 

32 linear response. An equation describing this type of 

33 normalization is as follows: 

» - * < 

34 ...... 

^5 Acoustic Signal 

36 Normalized Signal = 



28 
29 
30 
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Scaling Factor ^Optical Signal + 
Offset 

■ 

* - * - 

Other normal izatiorf methods can also apply. The time 
interval' between t'hB optical pulse and the detection of 
the acoustic- signal may b£ used 'to characterise " 
physical* "properties ""such as 4 the velocity of sound in 
the tissue . In 5 addition, in another embodiment of the 
device the damping of the acoustic oscillations may be' 

^ i 

used to 'monitor the elastic properties of 'the tissue 
and, in particular/ the compressibility'/ Both of these 
aspects may be used in 'the persdn' tb person calibration 
of the photoacoustic response. * ' 

4 . * - 

t 

More complex analysis of the received acoustic energy 
is possible. For example/ a time-gating technique may 
be used to derive measurement at varying depths Within 
the tissue being examined. Alternatively, an array of 
detectors can be employed to' determine the profile of 
the absorption of the acoustic signal at different 
depths and locations. This depth profile will change 
with the absorption coefficient and could be used as 
additional information to determine the analyte 
concentration. It is also possible to" derive 
information^ relating to a number of analyte^ of * 
interest by more sophisticated analysis of the received 
acoustic energy wave forms, for example by analysis of 
the frequency spectrum by Fourier transform or wavelet 
analysis techniques . 

Alternatively, or in combination with the frequency 
techniques and multiple detectors , multiple light 
sources can aid in the determination of the 
concentration of a number of analytes. ~ 

There are a number of tissue features which may vary 
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from person to person or with in the same person over 
time which impact the photpacoustic signal observed* 

4. 

To obtain an accurate measurement of a given analyte, 
such as glucose it may be helpful to alsq^ determine" 
the concentration of other analyjtes^ such as haemoglobin 

which may act as % .iijter£ e^ants . One approach is to 

" ** * ^ ■ " « - •- »- j, ' ,. ■* " ■ * . / .» 

generate, sever^JL distinct phcttoacaugjtic signals using 
excitationf Jight o.f. several different wavelengths. For 

example^, excitatian Light of a wavelength, of which 

~ ■ - - « „ , - , . , 

haemoglobin absorbs, ^strongly but. glxipo.se. has little if 
any absorption could be sjued to obtain a measure of the 
haemoglobin concentration, with which to normalize the 
effect of haemoglobin on measurements made on different 
persons or on the same person at different times. 
These measurements which are to be normalized might be 
-based on the phqtoacoustic signal generated by light of 
a wavelength at which glucose absorbs. 

It is also possible to measure the concentration of 

C ' . • \ , r .... 

such interferants by other means, such as infrared 
.light absorption, and thus normalize or correct the 
photoacoustic signal^ representative of the desired 
analyte for variations in these interferants. Thus, 
for example, the photoacoustic signal ^representative of 
glucose could be corrected for variations in 
haemoglobin concentration determined by optical 
absorption techniques such as those taught in US Patent 
No .5,702,284, " , " " 

- J ' 

w 

* -. 

For the reliable and reproducible determination of 

4 

glucose a signal to noise ratio of at least 10 , 000 is 

J m 1 A 

recommended. In this regard water is typically present 
in human tissue of a concentration of about 50 molar 
while glucose is present at a concentration of about 5 
millimolar in a normal individual. 



Apparatus 1 and method' embodying the present invention 
have beeh "f ound to' yield 'accurate :and repeatable 
results/- In ;: the case of blood glucose measurement , the 
clinic a l*'~rahge of glucose concentration, is 
approxima[t¥ty 5-UD'ri mol/1 in. healthy, subjects , and up 
to 40 m rndl/1 iri ~ diabetics v\ Air,. arm lysis based on 
simple absorption 1 models" suggests, that the^ change in 
photoacoustic signal over this range might be as little 
as 0.2%. The present invention has been found to 
provide a change in photoacoustic signal of up to 140% : . 
fpr_a change in glucose concentration of 15m mol/1. 



The precise mechanisms involved are not at 'present 

fully understood. It is believed , however, that 

absorption occurs primarily „ iri body plasma and is 

m 9^if, ied h Y the presence of glucose, and that this 
affects beam geometry. 

** <■ 

Example - - ~ - , 

V - 

The blood glucose levels of three individuals", one 
normal^ individual, one 'type 1 diabetic and one. type 2 
diabetic-; were followed over a.tvp hour period . 
following^ each individual taking abouC 75. grams of 
glucose orally in an aqueous solution by both 
photoacoustics and direct blood' measurement. The 
results are reported in -Figures 17, 18 ,and 19. 
Photoacoustic measurements were made every five minutes 
and blood measurements were made very ten minutes . The 
blood samples were venous blood samples analysed by the 
standard glucose oxidase method using a Yellow Springs 
instrument. The error bands for the blood measurements 
were derived from the literature accompanying the 
testing instrument while those for the photoacoustic 

i 

results were, based on the averages taken over 1000 
pulses. The results were obtained from a configuration 
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similar to that illustrated in Figure 1 in which 10 was 
an end of a 1 km multimode fibre optic, cable, which was 
placed against the finger 12, The other end < received 
600 nanosecond pulses of , 1040 nanometer li^t. fr ?? 1 a Q 
switched' Nd:YAG laser delivering 2 f X ^cro ,}pules per : 
pulse for each aecfsnarement . - , RaHian interactions in the 
fibre eaused production ;Of; light ai^ ^additional 
wavelengths &5^eftf£ar±he irtirfie fiptlowjL.ng table: . 




V 



'I » r . 

r 

The resulting photoacoiistic signal was detected by a 
5mm disc transducer with a lead backing and fed to an 
amplifier and an oscilloscope. The transducer was 
generally placed as 16 in Figure' 1 but was not 



precisely parallel to the beam axis; its detection 
plane was at an angle of about 20 degrees to the beam . 
axis . fhtephotoacous tic signal was evaluated in terms 
of the difference in voltage signal from the positive 
peak of the compression to the negative peak of the 
relaxation of* 'the acoustic pulse, 

* **r - > * 

The change in phbtoacbustic' response correlated well 
with the change Lit blood glucose concentration over the 
two* hour measurement period / A correlation of 0.89 was 
achieved on samples ranging -from 4 to 35 m mol/1. 

Other modifications' and improvement's may be made to th6 
foregoing embodiments within the scope of the present < 
xnvention as defined in the claims * 
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CLAIMS , . . . 

T 

1 . A sensor head for use in ghotoacou^tic , in vivo 
measurement^ comprising a housing, shaped f to _ engage 
a, selected body part f - light tranamiss ion, means 
terminating in said housing so as, ±o transmit 
light energy from a light source to enter the body 

part along, a beam axis, and acoustic transducer 

- - -• ■* * 

• means., mounted -in the housing, to receivq acoustic 
waves generated by photoacqus£ic interaction 
within the body part, the aqo,ustic transducer 
means being disposed in the housing to receive 

said acoustic wave in a direction of high acoustic 

"■ * - . - 

energy. . . 

«. 

i 

2. A sensor head according to claim 1, in which the 
acoustic transducer means is arranged at least 
partially perpendicular to the optical beam axis, 

3. A sensor head according to claim 2, for use where 
the selected body part is the distal portion of a 
finger, in which the housing includes a generally 
half-cylindrical depression in which the finger 
may be placed with the light transmission means 
aimed at the end of the finger. 

4. A sensor head according to any preceding claim, in 
which the acoustic transducer means comprises a 
piezoelectric transducer which is of a semi- 
cylindrical shape . 

5. A sensor head according to any preceding claim, in 
which the acoustic transducer means comprises a 
piezoelectric transducer which is provided with a 
backing of lead or other dense material. 
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A sensor head according to" claim 5/ in which said 
backing has a rear surface shaped to minimise 
internal acoustic reflection. 

A serisor head according to any of claims 1 to 4, 
in which the transducer means ^comprises a 
capkfcito^-tiype detector. - 

A sensor head according to any of claims 1 to 4, ; 
in which the transducer means comprises a 
piezoelectric transducer arranged generally 
perpendicular to the optical axis to detect the 
acoustic wave which is propagating in a direction* 
opposite to the direction of propagation of the 
light beam* - 

* + 

A sensor • head according to claim 8, in which the 
transducer is part-spherical with an aperture to 

allow access for' the light beam. 

■> - 

A sensor head according to any preceding claim, 
including a surface wave detector for 
characterizing tissue properties. 

- > 

A sensor head according -to any preceding claim, 
including means for ensuring a consistent contact 
pressure between a selected body part and the 
"acoustic transducer means. 

A sensor head according to claim 11, for use where 
the selected part is the distal portion of a 
finger, said means being provided by mounting a * 
portion of the housing engaged by the finger in a 
resiliently biased fashion against the remainder 
of the housing, and providing means to ensure that 
measurement is effected when a predetermined force 
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or-pressure is applied by the subject; .against the 
-resilient bias . 

* 

A sensor head according to claim 11, for use where 
the sselected^past is -the eaj:JLgbe r -,said roeans being 
' provided. bye^wQ: plates,,. -b§twee$ which the earlobe 
may be placed, an^o^eans- fo^ pressing .^he plates 
together to apply pressure to the ear- 

A r sensor he^dvfor use; in photoacoustic in-vivo 
measurements, -£omp5ising a hpusi^g,. shaped to 
receive a^ removable insert?-. a removable insert 
that engages a selected bc?dy, part , : the insert 
being fitted to an individual, - alloying for a 
range of sizes of body parts to- be used; light 
transmission means terminating in or near said 
rempvable. -insert ^o^as^to, transmit light energy 
from a rli:ght;^ourqe : -to ente : r : th^> r body .part along a 
beam axis.^\ and; .an acoustic, transducer means 
mounted in the housing or in the removable insert 
to r^c^ive,a^qustic / : v^ves gej\era£ed c hy 
photoaqoustic interacticm wjLthiix tfre ^feody part, 
the acoustiq^r^nsduoor- me^jis being . disposed in 
the housing or insert to receive -said acoustic 
-waves zin a direction of high £CQustic energy. 

- _ » 

An in : tviyowmeasuri^g ^yst;^m -comprising in 
combination: avsensor head as .claimed in any 
preceding claim; a light source coupled with the 
light transmission : me ( ans; and signal processing 
means connected :i to receive the output of the 
acoustic, transducer means and to derive therefrom 
a measurement . r of a selected, physiological 
parameter,-; . . 

- • 

♦ * 

The -system of .claim 15,,.- in which -.the light 



transmission means is a fiber optic distribution 
system. '•* - 

The system of claim 16, in which there is a 
plurality of light sources each connected to an 
individual fiber and the respective fibers are 
joined by a wavelength division multiplexer or a 
fiber coupler* 



The system of" claim 16 or claim 17/ in which the 
fiber optic 'distribution system terminates in 
contact with the body part. 



>rf - 



The system of claim 16 or claim 17, in which the 
fiber optic distribution system communicates with 
the body part Via optical elements isuch as lenses 
and beamsplitters.- " ■ " '* - 

■ 

The system of claim 15, in which the "light 
transmission means comprises optical elements 
mounted in mechanical holders and arranged to 
convey the light from the light source to a 
location in proximity to the bociy part. 

The system of claim 19 "or claiW 20, in which the 
light transmission means includes at least one 
beamsplitter arranged in the light path to direct 

■ i * t 

a portion of the light to a respective reference 
detector to measure the energy of the light 
entering the body part. 

The system of any of claims 15 t6 21, in which the 
signal processing means is adapted to perform a 
multi-dimensional processing method. 

The system of claim 22, in which the signal 



> - 
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1 processing means is adapted to perform one of 

2 Classical Least Squares or Partial. Least Squares. 

3 
4 

- » «. ■» - 

5 24, .The system of any of claims 15 £q } 2JL r . in which the 

6 X: signal, processing mea^s comprises. £ Neural 

7 «. - . , Network . 
8 
9 

10 25. , The system of any of claims 15 to 24, in which the 

11 signal, processing mean$ i£ operable to analyse the 

12 signals for theijr. frequency content using one of 

13 Fourier Analysis and Frequency Filtering. 

* * v. 

15 26. The .system of any of claims 15 to 25., in which the 

16 signal processing means additionally applies 

17 techniques that use tima, inf prroat.ion . 
18 

19 27.. The system of claim 26, in which the time _ 

» * : 

20 . . , informatipn processed is the time delay from 

21 . source trigger. _ r 

2 3 28. The system of any of claims 15 to 25, in which the 

24 signal processing means additionally applies 

25 techniques that combine both frequency and time 

26 * information. 

- ' * - - 

27 

28 .29 . The. system i ,of claim 28, in which the. signal 

29 . processing means performs wavelet analysis. 
30 

31 30. The system of any of claims 15 to 29, in which the 

32 light source is a laser light ..source . 

33 I 

34 31. The system of claim 30, in which, said laser light 

35 source is selected from a pulsed diode laser, a 

36 set of pulsed diode lasers., and a. tunable laser 
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source . 

, - , 

The system of claim 31, for use in measuring blood 
glucose concentration, in which the light source < 
is a laser diode with a wavelength in the range of 
approximately 600 nni td "10 , OOOrnm .and a pulse 

i 

duration of the drder- iof 5 fco 500. ns* - 

fhe system of any-of claims :30 to 32,. in which the 
light transmission means is arranged to produce a 
spot size of the order of 0-05 mm to 0-50 mm. 

r „ 

* -v J 

4 

The system of any of claims 15 to 29, in which 
there are multiple light sources and means are 
provided for time multiplexing the multiple 
sources such that: each source is switched on and 
generates an optical ' piilse, or a set of optical 
pulses, the pulse, or set of pulses, generates an 
acoustic "signal that is detected by the detector, 
and each source is pulsed in sequence until all 
sources have been used to generate their own 
signals. 

The measuring system of any of claims 15 to 34, in 
the form of a self contained system -including a 
power supply and a -readout , ; Which may be carried 
on the person and used : at any- convenient time . 

The system of claim 35, including facilities for 
connection to a cellular telephone, two-way pager 
or other communication device for routine 
transmission of measurements taken to a central 

data collection point. 

• - 

T ' . < - 

The system of any of claims 15 to 36, further 
including means for manipulating the body part 
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under measurement and for performing additional 
measurement of the tissue to obtain other 
inf ormation a^out the rstate of the physiology of 
tlje issue. - . 



tThe;:systrem:)of claijn 3J I# in which ^?aid manipulating 
means : iria ludes ?.m$^ns^f:or squee^ii^g -a ~bq<3y part, 
such as an earlobe, and means for making photo 
acoustic?measur:eiuents ->at several different . 
pressures.- 

** - . ■ 

The system of claim 37 or claim 36, including 
temperature measurement* mean,s for- measuring the 
temperature of.- the ...body site, ^ and in which the 
signal .processing, means is arranged to apply a 
correction to- the measurements based, upon the 
temperature of. the- body, 5 ite^ .... 



The system- of- -c : laim %% ry further including means .. 

* * * * 

for^ inducing Jtempec^tures^ above and, below ambient 
in the .body _f?arfe. ; . . ....... 

The system of any of claims 15 to 40, comprising a 
means .for storing c one ,Qr, -both. of calibration 
coef f igieiyts ^and operational -parameters in order 
to calibrate t;he^ instrument and to. get critical 
operationa-l'.parameters^-^ 

The system of ; ,elaim ,41, - in which, the. signal 
processing., -me^ns J is. oper,able to adjust, the 
calibration^ coefficients and operational 
parameters to b^ specific -to a particular person. 

The system of claim 42 , when dependent upon claim 
14, in which the -calibration coefficients and 
operational .parameters specific to a particular 



person are contained in a storage site located in 
the removable insert. 

The "system of claim 43, in which additionally * - 
calibration coefficients and operational 
parameters ri s pec if ic to the reader k system are 
stored in the non-temovable housing. 

The rieasuririg system of any of * claims 15 to 44, 
further including connection means for connecting 
the measuring system to an invasive measuring 
system for : the purpose of calibrating or adjusting 
the operational parameters of the non-invasive 
measuring system. 



The system of claim 45, in which the connection - 
means is selected from a cable link, IR link or 
radio waves . 

A method of operating a measurement system as 
claimed in claim 34 to remove instrument drift 
from the measurement , x the method comprising the 
steps of: - * * • 

1) placing a calibration standard in the reader 
in place of the body part;" 

2) measuring the signal from the standard for 
each wavelength and storing the values in the 

* ~ ~ calibration storage location; 

3) before making a measurement of a body part, 
placing the calibration standard in the 
reader; • . 

4) measuring the signal from the standard for 



each source; . . 

5) comparing the just measured standard values 
; to. the stored calibration values j * 

&} calculating ..correction factors _f or each 
... source .wavelength- ~ ... . , 

7 ) . ^ removing .the « standard and . p],acing...the body 
, part in.the reader; , 

8) ^ measuring the : signal from the body s part for 

. each source; and . . 

- - - - - ' . - • . 

9) adjusting the measured values using the 
calculated correction factors, 

- * '* 

The method of claim 47, in which a further 
correction factor is calculated for the instrument 
temperature- 

A. method of .measuring a biological^ parameter in a 
subject, the method comprising the steps of: 

directing one or more pulses of optical 
energy _from, the exterioi: into the tissue of a 
subject along a beam axis, the optical energy 
having a. wavelength salepted to be absorbed . 
by tissue components of interest, thereby to - 

- .V - 

produce . a photoacoustic interaction; 

. detecting acoustic energy, resulting from said 
photoacoustic reaction. by means of a 
transducer positioned to intercept acoustic 
energy propagating in a direction other than 
the fqrwasd , direction of said beam axis; and 
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deriving from said detected acoustic energy a 
measure of the parameter of interest. 

50 The method, of claim 49, in which the parameter of 
interest is blood glucose, and the optical energy 
has a y^velengti? in the range of approximately 600 
mm to 10,000 mm and a pulse duration of the order 

of 5 to 50,0 ms , . 

» J- , ' **" « a * > J7" •> » ~ *t ^ 

51 The method of claim .49 or claim 50, in which a 

* - - , 

train of pulses is applied and the detected 
- signals are averaged to derive said, measure . . 

■ - i - *. - • ; : - 

52 The method of any of claims 49 to 51., in which 
said measure is derived from the energy of the 
detected signal, 

; 

53 , The method, of any oi claims 49 to. 52, in which the 
• optical energy is directed into.a ; body part which 

is* substantially composed of soft tissue and free 
of bone. . . 

54 -Apparatus for measuring a biological parameter in 

a subject, the apparatus comprising 

"■'"•"means for directing one. or more pulses of optical 
energy from the exterior into the tissue of a 
subject along a beam axis, the optical energy 
having a wavelength selected to be absorbed by 
tissue components of interest, thereby to produce 
a photoacoustic interaction; 

transducer means arranged to' detect acoustic 
■ energy resulting from said photoacoustic reaction 
by intercepting acoustic energy propagating in a 
direction other than the forward direction of said 
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1 beam axis; and 

3 means for deriving from said detected acoustic 

4 energy a measure of the parameter of interest. 

5- < * ' ^ j ' « * - - 

6 55 Apparatus according to claim 54; in which said 

7 directing means" incudes means ' for receiving a 

• • *■ * 

8 selected body part such that th6 : optical energy is 

9 directed into a portion of the subject's body 

10 which is substantially free of bone. 

11 • - n - = 

12 56 A nfethod of correcting measurement of an" analyte 

13 based on a photoacoustic signal obtained from a 

14 1 living being* comprising determining- the ' 

15 * ^concentration of other 'constituents in the being 

16 which have a significant effect on the 

17 photoacoustic signal and tend to vary from 

18' individual -to individual, -or over time, and . ; 

19 adjusting the measurement to. remove the. effect of 

20 variations^ iri the: concentrations: of .said, other 

21 constituents. . ^'i*- -•*« 
22 

23 57 The method faf claim jSfc, in-which the, analyte is 

24 glucose; * _w «, ^ _ . m x ^. : .r : ^ f 
25 

26 58- -The raethod'of claim -57 in -which the -cpnc-entration , 

27 of haemoglobin^ is .determined a^nd used .to. adjust 

28 the measurement*;^ Vl '- V '-f - • • 

30 59 A methodrof^establishing -a^phptoacou^tic signal 

31 obtained from a living being comprising using the.. 

32 ratio of the acoustic signal obtained to the 

3 3 optical signal which generated , the acoustic signal 

34 to detexmine the concentration of an analyte 

35 present in said being. 



The method of claim 59 in which the analyte is 
glucose . 

*•***■ * / - 

*^ - 

* 

A method of normalizing a photoacoustic signal 
obtained from directing an optical beam on the 
tissue of a living being comprising determining . 
the dependence of the phdt&acoiistic 'si^nail /on ,the^ 
energy of the optical beam from a series of 
'measurements a± different energies- for/lthe type of 
tissue involved. r . . ~ .* . . - -\ 
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